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P r e fa c e ,
(The work o f  t h i s  t h e s i s  was perform ed i n  th e Department 
o f  N atu ral P h ilo so p h y  o f  Glasgow U n iv e r s ity  from O ctober,
1954 to  J u ly , 1958 .
A sh o r t in tr o d u c t io n  r e v ie w s  th e  need fo r  a h ig h e r  
d e n s ity  d e te c to r  o f  th e c lou d  chamber ty p e , and o u t l in e s  
the e a r ly  exp erim en ts o f  Dr. D.A. G la ser , perform ed b e fo r e  
t h i s  work s t a r t e d .
Very l i t t l e  t e c h n ic a l  in fo rm a tio n  was a v a i la b le  a t  t h i s  
tim e, and th e  au th or was a l l o t t e d  th e  ta s k  o f  b u ild in g  a 
sm all bubble chamber s im ila r  t o  th a t  o f  G la se r ’ s  in  order  
to  f in d  ou t what th e  o p e r a tin g  c o n d it io n s  were* Chapter 2 ,  
shows how th e  f i r s t  chamber t o  be b u i l t  in  1 h is  la b o r a to r y  
was made t o  w ork. The au th or worked a lo n e  fo r  th e  f i r s t  
year , and th en  was jo in ed  by Mr. A .P . M cParlane i n  O ctober, 
1 955 . The f i r s t  tr a c k s  were photographed soon a f t e r ,  in  
November, 1955, and th e se  were th e f i r s t  in  E urope.
The n e x t  ch a p ter  e x p la in s  how t h i s  chamber was d evelop ed  
as a j o in t  p r o je c t ,  and d e sc r ib e d  s e v e r a l  exp erim en ts  
conducted in  i t  in  ord er to  g a in  a b e t t e r  u n d erstan d in g  o f  
how the bubble chamber worked. In  p a r t ic u la r ,  m easurem ents 
were made on the e f f e c t  o f  chamber c o n d it io n s  on bubble  
"density"  -  th e number o f  b u b b les per ce n tim etre  o f  track
le n g th . The au th or  then perform ed m easurem ents on 
r a te  o f  bubble grow th, and m agnitude o f  tem perature  
g r a d ie n ts  s e t  up during th e  c y c le  o f  o p e r a t io n s .
I t  was soon  c le a r ,  how ever, th a t  t h i s  a l l  g la s s  
chamber was to o  sm a ll for n u c le a r  p h y s ic s  ex p er im en ts . 
Chapter 4 d e s c r ib e s  th e  exp erim en ts perform ed on th e  
f i r s t  m eta l and g l a s s  chamber. T h is  chamber was 
assem bled by Mr. M cParlane, b u t d e s ig n , o p era tio n  and 
exp erim en ta l m easurem ents were done in  c o l la b o r a t io n .  
These in v e s t ig a t io n s  a g a in  in c lu d e d  a stu d y , in  
c o lla b o r a t io n , o f  bubble d e n s ity  and one o f  th e  r a te  o f  
bubble growth perform ed in d ep en d en tly  by th e  a u th o r .
In  Chapter 5 , a l l  th e  bubble d e n s ity  r e s u l t s  
d escr ib ed  in  C hapters 3 and 4 are c o n s id e r e d , to g e th e r  
w ith  th e  v a r io u s  t h e o r ie s  on how b u b b les are formed in  
superheated  l i q u i d s .  d h is  work and a l l  work d e sc r ib e d  
su b seq u en tly  in  th e  t h e s i s  was perform ed in d ep en d en tly  
by th e  au th o r .
The t h e s i s  th en  p roceed s t o  d is c u s s  how p a r t i c l e s  
which sto p  in  th e  chamber can be r e c o g n ise d  and how 
bubble cou n tin g  m ight be u sed  to  a id  p a r t i c l e  
i d e n t i f i c a t i o n .  A la r g e r  chamber was b u i l t  fo r  t h i s  
work, and a f a s t  c y c l in g  exp an sion  system  was d evelop ed  
w ith  t h i s  chamber, d escr ib ed  in  Chapter 7 .
C hapter 8 , d e s c r ib e s  how bubble co u n tin g  was in  
fa c t  u sed  to  a id  p a r t i c l e  i d e n t i f i c a t i o n ,  and in  Chapter 
9 exp erim en ts on th e  r e la t io n  betw een p a r t ic le  energy  
and bubble d e n s ity  are exp la in ed *
The t h e s i s  i s  concluded  w ith  a b r i e f  rev iew  o f  th e  
advantages o f  bubble cham bers, and su g g e s t io n s  o f  fu r th er  
experim ents w hich m ight u s e f u l l y  be perform ed in  th e  
bubble d e n s ity  f i e ld *
The author i s  in d eb ted  to  P r o fe s s o r  P .I*  Dee fo r  
the in t e r e s t  he has shown i n  t h i s  work* He a ls o  w ish e s  
to acknowledge th e  s e r v ic e s  o f  Mr* J*T* L loyd , Mr* R*
Ir v in e  and th e  or te c h n ic a l  s t a f f s  fo r  making th e equipm ent, 
and Dr. W. McParlane and th e  syn ch rotron  crew fo r  o p era tin g  
the m achine. He would a ls o  l i k e  to  record  h i s  g r a t e f u l  
thanks to  h i s  c o lle a g u e  Mr. A .P . McParlane and h i s  
su p erv iso r  Mr* J .R . A tkinson*
F in a l ly ,  he w ish e s  to  acknowledge th e  award o f  a  
S t . Andrews U n iv e r s ity  P ost-G rad u ate S ch o la rsh ip  and 
S ir  James C aird T r a v e ll in g  S ch o larsh ip *
CONTENTS.
P a g e .
P r e fa c e .
Chapter I .  I n tr o d u c t io n .
Advantages and shortcom ing o f e x i s t in g  
v is u a l  te c h n iq u e s . 1 .
G la ser ’ s  exp erim en ts w ith  l i q u i d s .  3 .
Chamber c o n d it io n s .  4*
Chapter I I .  The P ir s t  Chamber.
P re lim in a ry  C o n s id e r a t io n s • 7 •
A pparatus and P ir s t  T ra ck s. 8*
C hapter I I I .  F urther developm ent o f  C lean Chambers.
Shortcom ings o f  th e  f i r s t  chamber and the  
im provem ents in tr o d u c e d . 1 4 .
Bubble Chamber O p eration . 1 6 .
Bubble D e n s ity  M easurem ents. 1 6 .
R ate o f  B ubble Growth. 1 8 .
Com pression M easurem ents. 2 1 .
Temperature g r a d ie n t s .  2 2 .
P-V diagram . 2 5 .
Chapter IV . The P ir s t  D ir ty  Chamber.
Need fo r  a la r g e r  chamber. 2 7 .
Apparatus and O p eration . 2 8 .
P age.
Chamber O p eration . 50 .
Bubble D e n s ity . 31 .
Hate o f  Bubble Growth. 3 2 .
Chapter V. Bubble D e n s ity  and Chamber C o n d it io n s .
E xperim en tal R e s u l t s .  3 5 .
E a r ly  t h e o r ie s .  36 .
S -r a y  t h e o r ie s .  3 9 .
Energy fo r  Bubble F orm ation . 4 1 .
Thermal Spike th e o r y . 4 3 .
R ev ised  V is c o s i t y  C a lc u la t io n . 4 5 .
Bubble d e n s ity  and Volmer en erg y . 4 7 .
C o n c lu s io n s . 4 7 .
Further Experim ent s .  4 8 .
C hapter V I. P a r t i c l e s  sto p p in g  in  th e  Bubble Chamber. 
I d e n t i f i c a t io n  by I n s p e c t io n . 5 0 .
D ou b tfu l C a ses . 5 3 .
E xperim ent. 5 3 .
Chapter V II . The New Chamber.
A pparatus. 5 5 .
Chamber C o n d it io n s . 5 8 .
Fast C y c lin g . 59 .
E xperim ents on Chamber S e n s i t i v i t y .  6 1 .
Chapter V III . Bubble Counting and P a r t ic le
I d e n t i f i c a t i o n .
Page
Counting R a te . 63 .
Experiment p 6 6 .
B ubb l e  C ount in g  . 67 •
Comparison o f  numbers seen  and e x p ec ted . 69 .
Chapter IX. Bubble D en sity  and P a r t ic le  E nergy.
Bubble D e n s ity  : 7 1 .
Bubble D en sity  : 74 .
Other M easurem ents. 7 4 .
Mass E f f e c t .  7 5 .
E m p irica l form ula fo r  Bubble D e n s ity . 7 7 .
C o n clu sio n . 8 0 .
Chapter X. G eneral C o n c lu s io n . 8 1 .
R e fe r e n c e s . 8 5 .
A ppendix. 87 .
Photographs o f  a p p a ra tu s.
CHAPTER I . INTRODUCTION.
AdvanteRes and Shortcom ings o f  e x i s t in g  v i s u a l  T ech n iq u es.
V isu a l te ch n iq u e s  have many ad vantages over  
cou n ter methods o f  d e t e c t in g  su b -atom ic p a r t i c l e s .  For 
exam ple, a permanent record  o f  th e  even t i s  o b ta in e d , and 
s e v e r a l  d i f f e r e n t  measurements can be made from th e  same 
s e t  o f  p ic t u r e s .
A ll  th e  charged p a r t i c l e s  a s s o c ia te d  w ith  an 
ev en t are v i s i b l e ,  th e  i d e n t i f i c a t i o n  o f  th e s e  p a r t i c l e s  
i s  much e a s ie r ,  e s p e c ia l ly  when a id ed  by m agnetic f i e l d s ,  
and th e  chance o f  e r r o r s  b e in g  made i s  g r e a t ly  red u ced . 
V is u a l methods are a ls o  much more r e l i a b l e  fo r  m easuring  
d i f f e r e n t i a l  c r o s s - s e c t io n s  and o th er  r e la t iv e  m easurem ents.
1 -îu ltip le  e v e n ts  can o n ly  be s tu d ie d  f u l l y  by 
th e s e  te c h n iq u e s . By u s in g  s t e r e o s c o p ic  photography  
w ith  cloud  and d i f f u s io n  chambers th e  com plete mechanism  
o f  a r e a c t io n  can be deduced , and w ith  a c c e le r a to r s  which  
produce beamis o f  p h o to n s, th e  energy o f  th e  p a r t ic u la r  
photon  which caused  th e  ev en t can be c a lc u la te d .
However, w ith  th e  advent o f  m achines cap ab le  
o f  producing la r g e  cu rr en ts  o f  in c r e a s in g ly  e n e r g e t ic  
P a r t i c l e s ,  th e  d e n s ity  o f  th e  g a seo u s medium in  c lo u d  
and d i f f u s io n  chambers was so  low th a t  th e  p rod u cts o f
a h igh  energy d is in t e g r a t io n  were not co n ta in ed  w ith in  
th e  chamber. A lso , ev e n ts  such as meson p rod u ction  
have a very  low c r o s s - s e c t io n  and th ere  were th e r e fo r e  
v ery  few o f  th e s e  in t e r e s t in g  e v e n ts  to  be seen  in  a 
medium o f  a s  low a d e n s ity  as gas a t atm ospheric  
p r e s s u r e .
This d e fe c t  had been overcome in  p art by 
in c r e a s in g  th e  p ressu re  in  th e se  chambers to  about 
100 atmospheres^ but th e  tech n iq u e  o f o p era tin g  th e se  
d e v ic e s  i s  very d i f f i c u l t  and t h e ir  c y c lin g  r a te  i s  
very slow  -  about once per I 5 m in u te s .
N uclear p la t e s  have overcome th e  problem o f  
low d e n s it y .  F u rth er , th e  tr a c k s  in  them are very  
t h in ,  hence very  h igh  r e s o lu t io n  can be ob ta in ed  fo r  
angular and s c a t t e r in g  m easurem ents. P la te s  are con­
t in u o u s ly  s e n s i t i v e ,  which makes them id e a l  fo r  cosm ic  
ray work and d e te c t in g  rare  e v e n ts , and em ulsion s have 
been d evelop ed  w hich are s e n s i t i v e  to  minimum io n iz in g  
p a r t i c l e s .
However, scan n in g  o f  n u c lea r  p la t e s  i's a lon g  
and la b o r io u s  p r o c e s s .  The com p lica ted  v a r ie ty  o f  
l i g h t  ejid heavy n u c le i  i s  u n a v o id a b le , and p la te s  are  
s u s c e p t ib le  to  d i s t o r t io n  due to  p r o c e s s in g , atm ospheric  
c o n d it io n s  and tem perature and p ressu re  f lu c t u a t io n s .
The images tend to  fad e in  tim e and an erro r  in  range 
measurements may occur i f  th e  m oistu re  con ten t i s  not 
known.,
G la ser ’s E xperim ents w ith  L iq u id s .
I n i t i a l  exp erim en ts to  in v e s t ig a t e  th e  p o ss ­
i b i l i t y  o f  u s in g  a  l iq u id  medium were perform ed by 
Dr. D. A. G laser in  M ichigan in  1 9 .  Dr. G laser  
(R ef. 1 .)  perform ed h is  e a r ly  exp erim en ts w ith  e th e r  
and showed th a t  a l iq u id  in  a h ig h ly  su perh eated  s t a t e  
could  be made to  b o i l  by b r in g in g  a r a d io a c t iv e  sou rce  
near th e  v e s s e l  c o n ta in in g  th e  l iq u id .  He then  d e v e l­
oped a chamber c o n s is t in g  o f  a sm all g la s s  bulb  o f  
C apacity  4  c e s . ,  w ith  a mechanism a tta c h e d , by means o f  
which th e p ressu re  in  th e chamber cou ld  be a lte r e d  
r a p id ly .
The b ase  o f  th e  chamber was f i l l e d  w ith  g ly c o l  
and th e  e th er  above i t .  The b u lb  was h ea ted  to  140^0, 
a t which tem perature th e  sa tu ra te d  vapour p ressu re  o f  
e th er  i s  I 3 a tm osp h eres.
On exp an sion  i t  was found th a t  th e  l iq u id  
cou ld  be m aintained  a t  a  p ressu re  o f  1 atm osphere, th a t  
i s ,  in  a h ig h ly  su perh eated  s t a t e ,  fo r  as lon g  as a 
second befon^^'^oaïlng took  p la c e .  With s u it a b le  cou n ter  
arrangem ents, tr a c k s  were s u c c e s s f u l ly  photographed o f
P la te  1 .
4-.
coGmic rays which had p assed  in to  th e  chamber w h ile  i t  
Was in  th e  s e n s i t i v e  c o n d it io n . (P la te  1 .)  The tra ck  
c o n s is t s  o f  a l i n e  o f  b u b b les , photographed a few m icro­
seconds a f t e r  th e  p assage o f  th e  p a r t i c l e .
Ohamber C o n d it io n s .
G laser a l s o ,  a t  t h i s  s ta g e ,  produced a form ula  
which gave a v a lu e  o f  th e  c o n d it io n s  req u ired  b e fo r e  a 
bubble c o n ta in in g  a number o f  charges n , w i l l  grow to  
m icroscop ic  s i z e .
He co n sid ered  th a t  in  a su p erh eated  l iq u id ,  
th a t  i s ,  one in  which th e  p ressu re  Pq i s  c o n s id e r a b ly  
low er than  the sa tu ra te d  vapour p ressu re  Pqo(T) a t th e  
tem perature T, t in y  s p h e r ic a l  b ub b les a few m o lecu les  
a cr o ss  are c o n t in u a lly  form ing and c o l la p s in g  b ecau se  
o f therm al f lu c t u a t io n s  in  th e  l iq u id .  I t  can be 
shown -  as indeed  i t  was by B ertan sa  e t  a,l (R ef. 2 .)  
th a t a. bubble c o n ta in in g  no io n s  or one io n  w i l l  tend  
to  c o l la p s e ,  but i f  th er e  are s e v e r a l  io n s  o f  l ik e  
charge p rese n t th ey  can be co n sid ered  to  smear them­
s e lv e s  on th e  su r fa c e  o f  th e  bubble and t h e ir  e l e c t r o ­
s t a t i c  fo r c e s  o f  r e p u ls io n  te n d in g  to  make th e bubble  
grow, w i l l  overcome th e  su r fa c e  te n s io n  and p ressu re  
fo r c e s  w hich are  ten d in g  to  make th e  bubble c o l la p s e .  
T his i s  so i f
PooCt) -  Po > Pn ( t )  =  X   ^ ( c r M )
n -  number o f  charges
e = e le c t r o n ic  charge
(T(T) a su r fa c e  te n s io n
6 (T) = d i e l e c t r i c  co n sta n t
To f in d  th e  tem perature a t  which a bubble  
chamber o p e r a te s , .values o f  P^(T) are c a lc u la te d  fo r  
Various tem peratures and va,lues o f  n , and a p lo t  o f  
th e se  V alues and P«o( t) a g a in s t  T made on th e  same 
cu rv e . G laser found th a t  fo r  e th e r  a t  afeout 140^0 
i t  appeared th a t  v a lu e s  o f  betw een 2 and 10 were 
o b ta in ed  fo r  n .
Developm ents w hich fo llo w e d  were an in c r e a se  
in  th e  s i z e  o f  th e  chamber, and th e p o s s i b i l i t y  o f  
making a chamber made o f  m eta l w ith  g la s s  w indows. 
However, i t  was a n t ic ip a te d  th a t  a chai;iber o f  t h i s  kind  
would not work. The e a r ly  chambers, or c le a n  cham bers, 
were made o f  smooth g la s s  w ith  no d i s c o n t in u i t i e s  in  th e  
opera.ting r e g io n . The m etal chambers would have a sharp  
d is c o n t in u ity  betw een th e m etal w a l l  and g la s s  window, 
and b o i l in g  would s t a r t  as soon as th e  l iq u id  became 
su p erh ea ted , t h i s  e f f e c t  b e in g  s im ila r  to  th a t  produced  
by th e  p resen ce  o f  d ir t  in  g la s s  chambers, th e  m eta l ones  
w ere c a lle d  d ir t y  cham bers.
The p o s s i b i l i t y  o f  u s in g  5-iQ^i^ hydrogen was
a ls o  b e in g  c o n s id e r e d . This would be a most u s e f u l  
m a te r ia l s in c e  th e  bubble chamber would serv e  th e  d u a l 
r o le  o f  ta r g e t  and d e t e c t o r .
From t h i s  work i t  was c le a r  th a t  a l iq u id  
medium d e te c to r  was f e a s i b l e .
At t h i s  tim e th e r e  was v ery  l i t t l e  c o l la b o r ­
a t io n  betw een o u r s e lv e s  and th e  few e x i s t in g  bubble  
chamber o p e r a to r s . The author was a l l o t t e d  th e  ta sk  
o f  b u ild in g  a bubble chamber, w ith  very  l i t t l e  inform ­
a t io n  to  go on , and th e  t h e s i s  th e r e fo r e  d ev e lo p s  as 
an in v e s t ig a t io n  o f  bubble chamber p h y s io s .
7.
CHAPTER I I . THE FIRST CHAMBER.
P re lim in ary  C o n s id é r a tio n s .
S in ce so l i t t l e  in fo rm a tio n  was a v a ila b le  
about how to  b u ild  bubble cham bers, i t  was d ecid ed  to  
attem pt to  c o n str u c t  th e  type o f  chamber w ith  which  
G laser had f i r s t  been  s u c c e s s f u l  so th a t  th e te c h n ic a l  
d i f f i c u l t i e s  cou ld  be d isc o v e r e d . This was e s p e c ia l ly  
n ece ssa r y  s in c e  th e  photon beam o f  the e le c tr o n  synchro­
tro n  in trod u ced  d i f f i c u l t i e s  not ex p er ien ced  in  p a r t i c l e  
m achines, the most n o ta b le  b e in g  th e  p rod u ction  o f  e l e c ­
tro n  p a ir s  to  a much g r e a te r  d egree than any o th er  e v e n t .
From th e in fo rm a tio n  th a t  was a v a i la b le ,  to  
co n str u c t a bubble chamber i t  was n ecessa ry  f i r s t  to  
choose a s u it a b le  l iq u id .
Pentanes whose b o i l in g  p o in ts  are a l i t t l e  above 
room tem perature seemed to  be. id e a l .  They are h ig h ly  
v o l a t i l e ,  s t a b le ,  tra n sp a ren t l iq u id s  and in  a d d it io n  have 
very sim p le ch em istry  -  sa tu ra te d  hydrocarbons -  and i t  
Was th e r e fo r e  d ec id ed  to  u se  iso p e n ta n e , which b o i l s  
normally a t 28*^0.
V alues o f  su r fa ce  te n s io n , d i e l e c t r i c  co n sta n t  
and 8a,turated vapour p ressu re  fo r  t h i s  l iq u id  were ob ta in ed  
from I n te r n a t io n a l C r i t ic a l  t a b l e s . S urface te n s io n  was
C o n sta n ts  u sed  when e v a lu a t in g  G la s e r ’ s  
e q u a tio n  f o r  is o p e n ta n e .
<r -A( 1 ; Ï )°
T
For iso p e n ta n e
A = 5 8 .6
n = 1 .2 3
o
c r i t i c a l  tem p eratu re  = 188 C
=  461*K
6 = 1 .9  e . s . u .
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n o t g iv e n  over a w ide range o f  tem p era tu res , but from  
th e  e m p ir ic a l form ula fo r  su r fa c e  te n s io n
£f(T) = A ( 1 Tc —  V C
a ta b le  o f  v a lu e s  was c a lc u la t e d .  S u b s t itu t io n  was 
made in  G laser * s eq u a tio n  and th e  graphs shown in  F ig . 1 
i l l u s t r a t e  th e  ord er o f  m agnitude o f  tem perature req u ired *
This tem perature i s  th e  one a t which th e  
Pr^(T)oicT cu rves fo r  v a lu e s ’ o f  n betw een  about 6 and 12 
in t e r s e c t  th e Pco(T)^T cu rv é , and i s  in  th e  r e g io n  o f  
130^0 w ith  a S a tu ra ted  vapour p ressu re  o f  12 a tm osp h eres.
The apparatus th e r e fo r e  had to  c o n s is t  o f  a cylindrical 
sm ooth -w alled  g la s s  b u lb  o f  c a p a c ity  4 c e s . which cou ld  
w ith sta n d  p r e s su r e s  up to  about I 5 atm ospheres and which  
cou ld  be h ea ted  to  about l^O^C -  140^0 . This bulb  must 
be a tta ch ed  to  equipm ent by means o f which th e  l iq u id  can  
be com pressed u n t i l  a l l  th e  vapour i s  removed, say to  
15 atm osp h eres, and t h i s  p ressu re  q u ic k ly  reduced to  
a ch iev e  th e n e c e ssa r y  su p e r h e a t.
Apparatus and F ir s t  T rack s.
F ig . 2 shows th e  s e t -u p  which e v o lv e d . The 
cbatnber was a tta c h e d  to  a  g la s s  c a p i l la r y  tube which  
w idened a t  th e  b ase  and was con n ected  to  th e  com pression  
system  by g lu in g  th e  g la s s  to  a Kovar c o l la r  w ith  " or^ a ld ite"  
r e s in  g l u e . D ir e c t  b ra ss  to  g la s s  u n ion  was not s a t i s f a c t ­
ory because the g la s s  cracked w h ile  cu rin g  th e o r ^ a ld it e .
The diaphragm in  th e b rass c y lin d e r  was in tr o ­
duced to  sep arate  working liq u id  and g ly c o l .  I t  was 
found n ecessary  to  a llo w  th e moving p is to n  to  move in  
g ly c o l  because pentane d is s o lv e d  away lu b r ic a t in g  g r e a s e .  
I t  Was a lso  con ven ien t to  sep a ra te  th e u n it  a t t h is  p o in t  
s in c e  the p is to n  cou ld  be ezami ned w ith ou t emptying th e  
chamber.
To ach iev e  com pression and r e le a s e  o f the  
p is to n , compressed a ir  a t 20 p . s . i .  was allow ed  to  a c t  
on a secondary p is to n  d ir e c t ly  connected to  th e s t a ih l e s s  
s t e e l  p is to n  in  th e  g ly c o l  w e l l . A ppropriate ch o ice  o f  
th e  r a t io  o f th e  areas o f  the p is to n s  gave a step -u p  
r a t io  in  p ressu re  to  I 5 atm ospheres. A standard cloud  
chariber m agnetic v a lv e  was used  to  g iv e  a sudden red u ctio n  
o f  th e p ressu re below th e  d r iv in g  p is t o n . P ressure was 
measured w ith  a Bourdon tube p ressu re  guage f i l l e d  w ith  
g ly c o l  and d ir e c t ly  connedted to  th e g ly c o l  w e l l .
The chamber was heated  by e n c lo s in g  in  a b ra ss  
h ea tin g  ja c k e t w ith  two c ir c u la r  g la s s  windows on o p p o s ite  
s id e s  through which th e g la s s  bulb was v iew ed . A h e a t-  
r e s is t a n t  s i l i c o n  rubber was used  as gask et m a te r ia l fo r  
th e  windows and the h o le  in  the base through which th e  
c a p il la r y  tube p a ssed . The ja ck et was f i l l e d  w ith
/o .
g ly c e r in e  as a h ea tin g  f lu id ,  and two 65 w att so ld e r in g  
ir o n  elem ents were clamped to  the o u ts id e  . One h ea ter  
was kept on a l l  th e tim e , and t h i s  m aintained th e g ly c e r in e  
a t about 110°C, w h ile  th e second was c o n t in u a lly  sw itched  
on and o f f  by a "Sim m erstat" c o n tr o l.  The r a t io  o f  tim e 
on to  time o f f  could be sm oothly v a r ied  by a d ia l  c o n tr o l.
The tem perature was kept s ta b le  to  w ith in  1°C by co n tin u o u sly  
s t i r r in g  th e g ly c e r in e .  I t  was measured w ith  a mercury 
therm om eter.
Early rep o r ts  em phasised th e need to  c lea n  the  
chamber very thoroughly and outgas the working l iq u id .
The chamber was th e r e fo r e  clean ed  f i r s t  w ith  soap s o lu t io n  
th en  w ith  a s o lu t io n  o f hot n i t r i c  and chromic a c id . I t  
Was c a r e fu lly  r in se d , f i r s t  w ith  f i l t e r e d  d i s t i l l e d  w ater, 
then  w ith  a lc o h o l,  and d ried  o f f .  The isop en tan e was 
ou tgassed  by c o o lin g  in  a bath o f  s o l id  carbon d io x id e  
and a lc o h o l, and a g ita te d  under vacuum. The isop en tan e  
Was in troduced  to  th e chamber by d i s t i l l a t i o n .
The apparatus was mounted on a square o f tu fn o l  
and b u i l t  on a t r o l l e y  fo r  ea se  o f  tr a n sp o r ta t io n .
A ppropriate power su p p lie s  were led  in  and th e chamber 
operated  from a p an el on th e t r o l l e y .
The chamber was h eated  to  123°0 , compressed  
then  expanded, and d e la y s  vary in g  from m illis e c o n d s  to  a
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few seconds o b serv ed . The presence o f  a r a d io a c t iv e  
source (Oo^^) caused immediate^ b o i l in g  in ste a d  o f  
e x h ib it in g  a d elay  on expansion , and th e  chamber was 
a ls o  made to  b o i l  by ir r a d ia t in g  i t  w ith  a p u lse  o f  
100 kv Xrays w h ile  the l iq u id  was in  th e superheated  
c o n d it io n .
I t  was known th a t b u b b les, once n u c lea ted , 
grew very ra p id ly  and were b ig  enough to  be seen  in  a 
few m icroseconds. .To illu m in a te  the chamber, th e r e fo r e ,  
a spark d isch arge across a gap in  th e anode c i r c u i t  o f  a 
B .T .83 hydrogen th yratron  was u sed . The c ir c u i t  i s  
shown in  F ig . 3 . The spark was tr ig g e r e d  by applying  
a 40 v o lt  p o s i t iv e  p u lse  to  the g r id  o f th e th yratron  
and a graph o f th e  time s c a le  between input p u lse  and 
f la s h  i s  shown in  F ig . 4 -
The Camera used was a 35mm. Shackraan Autom atic, 
w ith  sh u tter  and w inding-on mechanism which could  be 
operated  e l e c t r i c a l l y .  An ex ten sio n  p ie c e  was f i t t e d  
to  the le n s  h o ld er  to  enable th e camera to  be p laced  
c lo s e  to  the h e a tin g  ja ck et and thus gave a f u l l  frame 
s iz e d  image o f th e  chamber. HP3 f i lm  developed  in  
Microphen f in e  g r a in  d eveloper was found to  g iv e  th e
most s a t is fa c t o r y  r e s u l t s .
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from th e spark b ein g  d if fu s e d  by a ground g la s s  s c r e e n .
The r e la t iv e  p o s it io n s  o f camera, chamber and spark gap 
Can be seen in  F ig .5 .
F ir s t  photographs were taken o f bubbles pro­
duced by ir r a d ia t in g  the chamber w h ile  i t  was in  a super­
h eated  c o n d it io n  w ith  th e X ray beam. The se t-u p  i s  
shown in  F ig .5 , the sequence o f  ev en ts  i s  shown in  F i g .6 , 
and P la te  2 shows the r e s u l t .
These photographs showed th a t la rg e  b u b b les  
cou ld  be seen  c le a r ly ,  and s in c e  th e  source experim ent 
had shown th e chamber to  be r a d ia t io n  s e n s i t i v e ,  the  
bubble chamber was then taken  to  the e le c tr o n  synchrotron  
in  order to  attem pt to  photograph tra ck s  o f io n is in g  
p a r t i c l e s .
The e le c tr o n  syn ch rotron  {R e f .3 ) in  t h i s  
departm ent produces a B rem sstralung spectrum up to  
350 M. e . v .  The beam i s  c o llim a te d  (R e f .4) as i t  le a v e s  
th e  doughnut, and appears in  th e beam room 1 ” in  d iam eter . 
This beam occu rs in  p u lse s  o f from 10 . to  200 mp.
d u r a tio n , f i v e  tim es per secon d .
To produce p a r t ic le s  to  be photographed in  th e  
bubble chamber, the beam was f ir e d  through a s o l id  ta r g e t  
and the. chamber was p laced  below  t h is  ta r g e t ,  so th a t  
some o f the p a r t ic le s  produced by a r e a c t io n  in  the ta r g e t
ION 
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would pass in to  the chamber.
The bubble chamber could  not be cy c led  f iv e  
tim es per second, th erefo re  th e magnet o f  th e  synchrotron  
Was allow ed to  p u lse  at i t s  normal r a t e ,  w h ile  a b ia s  was 
a p p lied  to the e le c tr o n  g u n . This b ia s  was removed by 
th e  bubble chamber operator w ith  a manual sw itch  when 
th e  chamber had been expanded and was in  a s e n s i t iv e  
c o n d it io n .
The tim ing o f th e spark w ith  re sp e c t to  the  
beam was e f fe c te d  by tak ing a pulse from th e ion  chamber 
a t  the end o f the beam room through which the photons 
Passed, and apply ing  i t  to  th e  th y ra tro n . The layou t  
i s  shown in  F ig . 7*
The sequence o f even ts which led  to  th e photo­
graphing o f the f i r s t  tracks i s  i l lu s t r a t e d  in  F ig . 8 , 
and Plante 3 shows th ese  track s .
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Shortcom ings o f  th e  F ir s t  Ohamber a,nd th e Improvements 
In tro d u ced .
Although tr a c k s  had been  s u c c e s s f u l ly  photo­
graphed, i t  wan c le a r  th a t  t h e ir  q u a l i ty  l e f t  much to  he 
d e s ir e d .
The chamber was so sm a ll th a t i t  p resen ted  a 
very  sm all s o l id  a n g le  to  th e  ta r g e t  from which p a r t i c l e s  
were b ein g  e j e c t e d .  A lso , b ecau se  o f  i t s  shape i t  a c ted  
as a very  stro n g  con verg in g  le n s  and th e  d is t r ib u t io n  o f  
l i g h t  was not u n iform . F in a l ly ,  th er e  was very  l i t t l e  
c o n tr o l over th e  sequence o f  ev e n ts  -  ex p an sion , beam 
and f l a s h .
A la r g e r  chamber was th e r e fo r e  b u i l t  -  a g la s s  
c y lin d e r  2 cm, in s id e  d ia m eter , o f  c a p a c ity  20 c c s .
The method o f a p p ly in g  p ressu re  was a l t e r e d , th e  
p is t o n  now b e in g  moved by a cam w h eel which was caused to  
r o ta te  by an e l e c t r i c  motorRg&The p is to n  was h e ld  up by 
a m agnetic v a lv e  con n ected  to  th e  o th er  end o f  a le v e r .  
R elea sin g  th e  cu rren t on th e  v a lv e  caused th e p is t o n  to  
drop.
Although photography was im m ediately  improved 
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ment was a ch iev ed  by p la c in g  the spark a t  th e  fo c a l  p o in t  
o f  a la r g e  con verg in g  le n s  so th a t  a p a r a l l e l  beam o f  
l i g h t  went through  th e  chamber.
The method o f  producing p a r t i c l e s  was n o t v ery  
s a t i s f a c t o r y  f o r  i n i t i a l  exp erim en ts to  determ ine good 
o p era tin g  c o n d it io n s .  The beam o f  h ig h  en ergy  e le c tr o n s  
from a p a ir  sp ectrom eter  in  the beam room was th e r e fo r e  
u t i l i s e d .
To c o n tr o l th e  tim e betw een exp an sion  o f  th e  chamber 
and th e  a r r iv a l  o f  th e  p a r t i c l e s  a d i f f e r e n t  method o f  
f i r i n g  th e  syn ch rotron  was u sed . A de ca t r  on u n it  used  
w ith  cloud  chamber exp erim en ts i s  lin k e d  to  th e syn ch rotron  
and b o th  are in  phase w ith  the A .C . mains su p p ly . With 
t h i s  d e v ic e , i t  i s  p o s s ib le  to  have a beam o f  photons o n ly  
when r e q u ir e d . In  a d d it io n , p u ls e s  a t  20 ms in t e r v a ls  
b efo re  and a f t e r  t h i s  beam can be tak en  from th e u n i t .
R ef. 4 .  The op era tor  s ta r te d  the sequence o f  e v e n ts  w ith  
a push b u tton  c o n tr o l ,  th e n  a p u lse  from th e  d ecatron  was 
fed  to  a d e la y  u n it  o f  v a r ia b le  amount th en ce to  the chamber 
v a lv e .  The chamber th en  expanded about 200 ms b e fo re  th e  
beam came.
P ig . 9 i s  a b lo ck  diagram  showing th e  c o n tr o l  u n i t s  
and P ig . 10 shows th e  v a r ia t io n  o f  p ressu re  w ith  tim e  
in  th e  chamber, and th e  tim e sequence o f  exp an sion , 
p a r t i c l e s  and f l a s h .  The c y c lin g  r a te  p o s s ib le  w ith  
t h i s  system  was about one c y c le  p er m in u te . P la te  4
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shows the v a s t ly  improved q u a lity  o f  p ic tu r e s  a ch iev ed . 
Bubble Chamber O p eration .
I t  Was d ecid ed  a t t h i s  s ta g e  th a t experim ents  
be performed in  order to  study how th e bubble chamber 
worked. F u rth er , by cou n ting  d r o p le ts  on the photographs 
o f  track s o f  p a r t i c l e s  in  cloud  chambers, or g r a in s  in  
em ulsion p hotographs, an estim a^tion can be made o f th e  
mass and energy o f  th e  p a r t i c l e  cau sin g  th e  tr a c k . There­
fo r e , i f  an u n d erstan d in g  o f  t h i s  bubb le-form ing p ro cess  
cou ld  be o b ta in ed , perhaps bubble cou n tin g  might be used  
in  a s im ila r  fa sh io n  in  t h i s  typ e o f  d e v ic e .  •
Bubble D en sity  Measurement.
I f  th e  exp an sion  p ro cess  i s  s tu d ied  on F ig . 10 
i t  Can be seen  th a t  a q u a n tity  o f  Pq known as th e
superheat -  th e  d if fe r e n c e  betw een sa tu ra ted  vapour p r e s s ­
ure and p ressu re  to  which the chejnber i s  expanded -  can  
be r e a d ily  v a r ied  by a l t e r in g  th e  tem perature and en su rin g  
th a t the chamber expands to  1 atm osphere.
The beam o f  h igh  energy e le c tr o n s  i s  id e a l  fo r  
experim ents o f  t h i s  nature s in c e ,  a lthough  th e p a r t ic le s  
lo s e  energy in  th e  dense ORg medium, i f  they en ter  th e . 
chamber w ith  about 100 M .e .v . o f  k in e t ic  energy th ey  lo s e  
so l i t t l e  energy ( a few M .e .v .)  th a t they are s t i l l  
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"bubble density  -  bubbles per centimetre of track length -  
i s  Caused by change in  chamber con d ition s.
Photographs were taken  o f  th e se  100 M .e .v . 
e le c tr o n  tra ck s in  th e  tem perature range 128*^0 -  136^0 . 
Photographs were a ls o  taken  o f  tr a ck s  o f  s im ila r  p a r t ic le s  
at tem peratures o f  134^0 and 136^0 but in  t h i s  ca se  th e  
p ressu re  Pq to  which th e chamber expanded was v a r ie d .
This was done by in c r e a s in g  th e  top  p ressu re  and s in c e  
the p is to n  movement was always th e same, Pq was in c r e a se d . 
?o Was measured from th e s t a t i c  p ressu re  gu age.
To count th e number o f  bubbles per cen tim etre  
o f  tr a c k , th e  f i lm  was p r o je c te d  on to  a w h ite  sh e e t  
g iv in g  about 10 fo ld  m a g n if ic a t io n . , Only b ub b les on 
s tr a ig h t  tra ck s were cou n ted , to  ensure th a t the p a r t ic le s  
were un iform ly  io n iz in g .
The in s id e  d iam eter o f  the chamber had been  
measured a c c u r a te ly , th e r e fo r e  a c a l ib r a t io n  o f  the le n g th  
o f  a p a r t ic u la r  track  could  be made. The number o f  
bubbles on one cen tim etre  len g th  o f  tra ck  was measured on 
about twenty tr a ck s  fo r  each p o in t on th e graphs.
The r e s u l t s  o f  th e se  experim ents are shown in  
F ig s . 11 and 12 . There have been  no o th er  measurements 
o f  t h i s  kind in  a c lea n  is o p e n t a n e - f i l l e d  chamber.
S ince fu r th e r  experim ents o f  t h i s  type were
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perform ed in  a d i f f e r e n t  chamber, a d is c u s s io n  o f  the  
r e s u l t s  w i l l  be l e f t  u n t i l  Chapter 5*
R ate o f  Bubble Growth.
The second e f f e c t  s tu d ie d  was th e  r a te  a t  
which b ub b les grew in  th e  chamber. To o b ta in  measure­
ments o f  t h i s  k in d , th e  d e la y  betw een th e en try  o f  th e  
p a r t ic le s  and t r ig g e r in g  th e  spark gap was v a r ied  from  
2 j i . s .  to  s e v e r a l  >hui! idw^ m il l is e c o n d s ,  s e v e r a l  photo­
graphs b ein g  tak en  a t each s ta g e .
Bubble d iam eters were measured w ith 'a  low . 
power m icroscop e. The sca .le  in  th e  e y e p ie c e  o f  th e  
m icroscope was c a lib r a te d  by m easuring th e th ickness o f  a 
w ire  whose d iam eter had p r e v io u s ly  been  measured w ith  a 
m icrom eter screw g u a g e . A c o r r e c t io n  had to  be made 
fo r  a c tu a l bubble s i z e  from th e s i z e  o f  th e  bubble on 
th e  f i lm  n e g s .t iv e . Other measurements made were o f  th e  
number o f  tra ck s in  a p a r t ic u la r  fram e. From t h i s ,  and 
knowing th e  tem perature o f  o p era tio n  and hence the bubble  
d e n s ity , an estimante o f  th e number o f  b ub b les in  a frame 
cou ld  be made, th u s g iv in g  an estimante o f  th e t o t a l  v o l­
ume o f Vapour which e x is t e d  in  th e  chamber a t a g iv e n  
in s t a n t .
The two main fa c to r s  which determ ined th e s i z e  
o f a bubble were tim e , and th e  number o f  o th er  b ub b les
P l a l ' e  5
Q. 6 0 y u s .
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p resen t*  P la t e  5 g iv e s  a v a r ie t y  o f  photographs o f  
b u b b les ta k en  under d i f f e r e n t  c o n d it io n s .  A lthough  
th e d iam eters o f  th e  b u b b les in  b and c are  a lm ost 
i d e n t i c a l ,  b was tak en  2 ms a f t e r  the p a r t i c l e s  en te red  
th e chamber, and c o n ly  60yu. s. a f t e r .
P ig . 13 i s  a graph o f  bubble d iam eter drawn a g a in s t  
tim e w ith  a param eter o f  th e  number o f  b u b b le s . T h is  
shows th a t  a t  sh o r t d e la y  tim es between th e  bubble b e in g  
formed and photographed, a l l  b u b b les  are about th e  same 
s i z e .  As t h i s  d e la y  i s  in c r e a s e d , the number o f  bubbles  
h as a la r g e  e f f e c t .  Pig* 1 4 ,, a graph o f  d iam eter a g a in s t  
number o f  b u b b le s , i l l u s t r a t e s  t h i s  e f f e c t  more c l e a r l y .
At t im e s  o f  th e  order o f  lO ^.s or l e s s  the e f f e c t  
o f a bubble a t  a p a r t ic u la r  p o in t  in  th e chamber cannot be 
tr a n sm itted  throughout th e  chamber. Assuming th a t  th e  
p ressu re  wave t r a v e ls  a t  th e  v e l o c i t y  o f  sound, hence  
in  5 y a s  i t  w i l l  have t r a v e l le d  rw i  cm-. In  a chamber 
o f  2 cm in s id e  d iam eter by about 5 cm lo n g , t h i s  w i l l  
not be e f f e c t i v e  t h r c u t o u t  th e  chamber u n t i l  a f t e r  
about 15yus -  25yu s *
Thus in  a c lea n  chamber two r e g io n s  o f  tim e can be 
c o n s id e r e d , i . e . ,  lo n g e r  and sh o r te r  than about 20yUS, .










IO lOO lOOO IQOOO






F I G  17
20,
m eters fo r  tim es as sh o rt as 2 ja .s .  and a lth ou gh  th e s e  
r e s u l t s  are not a c c u r a te , th e  graph o f  bubble d iam eter  
a g a in s t  ( t i m e ) i s  a s t r a ig h t  l in e  up to  about 10 ; i * s . ,  
(Fig* 15) a g re e in g  w ith  a form ula on r a te  o f  growth o f  
b ub b les in  su p erh eated  l i q u i d s .  (R e f. 5)
.  .  n t  IK
where 0 = tem perature o f  l iq u id
s  tem perature a t  which th e  p ressu re  o f  th e
S atu rated  vapour -  h y d r o s ta t ic  p ressu re  
K = therm al c o n d u c t iv ity  
D % d i f f u s i v i t y
0 = la t e n t  h ea t o f  ev a p o ra tio n
p ar vapour d e n s ity
In  t h i s  e x p r e ss io n  6  ^ i s  th e  p r essu re  term , in  e f f e c t  and 
a t  tim es <C 10 j i* s .  th e  p ressu re  change i s  n e g l ig ib le  
b ecau se  th e  b u b b les are so  sm all*
To in v e s t ig a t e  th e r e g io n  above 20 jp. 13. ,  graphs  
were drawn o f  volume o f  vapour a g a in s t  number o f  b u b b le s ,  
(F ig . 16) w ith  a tim e p aram eter. I t  cam be seen  c le a r ly  
th a t  in  t h i s  tim e r e g io n  th e  volume o f  vapour i s  co n sta n t  
fo r  a  g iv e n  tim e , th a t i s ,  i t  in c r e a s e s  a t  a f ix e d  r a t e ,  
independent o f th e number o f  b u b b les in  th e  chamber, hence  
th e  curve in  F ig .  I 7 i s  a s in g le  l i n e .
Iso p en ta n e
TABLE 1 .
( d e n s i t i e s  g iv e n  a t  p r e s s iir e s  o f
1 , and 13 atm os. r e s p e c t i v e l y . )
Chamber Volume o f  
Iso p en ta n e
T^ 'C D e n s ity , D e n s ity ^ j AV. '
CCS.
4-cc. 4 c c s . 130 0 .4 8 2 6 0 .4 8 4 2 0 .0 1 1
36 15 0 .6 2 4 7 0 .6 2 5 9 0 .0 7 0
2 0 c c . 18 130 0 .4 6 2 6 0 .4 8 4 2 0 .0 6 0
7 15 0 .6 2 4 7 0 .6 2 5 9 0 .0 1 4
G ly co l
Chamber Volume o f  
G ly co l
AV.
CCS.
4 c c . 2 0 c c s . 15 54 0 .0 0 9 4
2 0 c c . 50 15 34. 0 .0 2 5 8
T o ta l
Chamber
4 c c .  
20c 0 #
P is to n
d iam eter
0.8cm .
0 .2 5 in .
D is ta n c e
moved
1cm.






c a lc u la t io n
0 .0 9 0 4 -ccs .
0.1078CCS*
21.
The r a t é  o f  in c r e a se  o f  volume o f  vapour i s  a ls o  
th a t  o f  in c r e a se  o f  p ressu re  in  th e  chamber.
No o th e r  measurements on th e  e f f e c t  o f  chamber 
c o n d it io n s  on th e  r a te  a t which b u b b les grow have b een  
r e p o r te d .
Compression M easurem ents.
When th e  p is t o n  was b e in g  d esig n ed  fo r  th e  com­
p r e ss io n  sy stem , v a lu e s  o f  th e  c o m p r e s s ib i l i ty  o f  iso p en ta n e  
and g ly c o l  were ob ta in ed  from I n te r n a t io n a l  C r i t ic a l  T ables  
in  order th a t  th e  d is ta n c e  w hich th e  p is t o n  would have to  
move cou ld  be c a lc u la t e d .  However, when t h i s  was r e la te d  
to  th e d is ta n c e  which th e  p is t o n  moved in  p r a c t ic e  fo r  a  
p a r t ic u la r  p ressu re  change th er e  appeared to  be a la r g e  
d isc r e p a n c y .
A C a refu l measurement was th e r e fo r e  made o f  top  
and bottom  p r e s s u r e s , tem p eratu re , and p is to n  movement 
fo r  t h i s  chamber, and th e  r e s u l t  i s  shown in  Table 1 .
The rough c a lc u la t io n  made fo r  th e  e a r ly  4 c c . 
chamber i s  a ls o  shown, and th e  d i f f e r e n c e  in  a c tu a l and 
exp ected  volume change i s  about th e  sam e.
The volume change o f  iso p en ta n e  was c a lc u la te d  
from th e  d e n s i t i e s  o f iso p e n ta n e  under d i f f e r e n t  c o n d it io n s  
o f  tem perature and p ressu re  g iv e n  in  I n te r n a t io n a l C r i t ic a l  
T a b le s . The volume change o f  g lyco lw ù s c a lc u la te d  from
22.
th e  form ula c
10^ VI -  V2 ) ,
P = ^  ^ ?2 -  PI T
Where th e  v a lu e  ofyGwCs ob ta in ed  from I n te r n a t io n a l  
C r i t ic a l  T a b le s .
A p o s s ib le  e x p la n a tio n  o f t h i s  e f f e c t  i s  th a t
I
under such very  h igh  p r e ssu r e s  th e  apparatus s t r e tc h e s  
e l a s t i c a l l y .  When a t I 5 a tm osp h eres, th er e  i s  a fo r o e  o f  
5 atm ospheres on each o f  th e e ig h t  4®*A. b o l t s  h o ld in g  th e  
b ra ss  c y lin d e r s  to g e th e r . S in ce  th e  c o m p r e s s ib i l i ty  o f  
th e  l iq u id s  i s  so s m a ll , a  very  sm a ll change in  th e  c a p a c ity  
o f  th e  system  cou ld  account fo r  t h i s  e f f e c t .
This e f f e c t  proved to  be im portant when d e s ig n in g  
com pression  system s fo r  la r g e r  cham bers.
Temperature G r a d ie n ts .
A fu r th e r  measurement gave an e s tim a te  o f  th e  
tem perature g r a d ie n ts  w hich m ight be s e t  up in  t h i s  chamber 
d uring  th e  c y c le  o f  o p e r a t io n s .
To c a lc u la te  t h i s  q u a n tity  th e  L atent Heat o f  
V a p o r isa tio n  and th e  mass o f  vapour in v o lv e d  are r e q u ir e d .
The L atent Heat o f  v a p o r is a t io n  can be c a lc u la te d  
from th e C lau siu s Olapeyron E q u ation .
L = T(V2 -  Vi )
Vg ^  molar volume o f  vapour a t ÎI .T .P .
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To a good enough approxim ation  Vg »  and assum ing an
id e a l  gas Vg = ^  i f  T <  T^.
Hence L Ê2
P dT
o É2The la t e n t  h ea t w i l l  be c a lc u la te d  a t  I 30 0 . dT i s  ob­
ta in ed  from th e  S atu rated  Vapour P ressu re  curve (F ig . 18) 
and a t  t h i s  tem perature i s  18*5 c m ./° 0 .
L = 6510 cals/m oJ:e.
-  90*5 c a ls /g m . fo r  where th e  gra,m
m olecu lar w eig h t i s  J2  gms.
To e s t im a te  t h e 'tem perature to  which th e  top  o f  
th e  chajiiber w i l l  r i s e  i t  i s  f i r s t  n e c e ssa r y  to  know th e  
mass o f  vapour w hich form s a f t e r  b o i l in g  ta k e s  p la c e .
F ir s t  th e  volume o f  vapour was c a lc u la te d  from  
th e  d is ta n c e  moved by th e  p i s t o n .  The change in  c a p a c ity  
o f  th e  system  due to  th e  rem oval o f  th e  p ia to n  on exp an sion  
i s  eq u a l to  th e  volume o f  p is t o n  e x tr a c te d , which cou ld  be 
m easured. The th re e  d i f f e r e n t  c o n d it io n s  o f  p ressu re  were 
known -  to p , bottom , and sa tu ra te d  vapour p r e s su r e .
F u rth er , s in c e  th e  top  p ressu re  and th e  sa tu ra te d  
Vapour p ressu re  are n ot very  d i f f e r e n t ,  i t  was rea so n a b le  
to  assume l i t t l e  change in  th e c a p a c ity  o f  th e  system  due 
to  s t r e tc h in g  o f th e  a p p a r a tu s . Hence th e  a c tu a l  volume 
o f  l iq u id  in  both  th e se  c a se s  was about th e  sajie , and th e  
volume o f vapour when th e  p is t o n  was down, w as, to  a, s u f f -
24-.
i c i e n t l y  good ap proxim ation , eq u a l to  th a t  volume o f  p is t o n  
removed, th a t  i s  about 0*7 c o s .
The d e n s ity  o f  vapour was c a lc u la te d  as fo l lo w s
S .  .
72 gms. a t  ^T.T.P. o cc u p ies  22*4 l i t r e s  
.% From B oyle  * s Law
V o l. o f  gm. m olecu lar w t . a t  I 3 atm os. = 1*77 l i t r e s
D en sity  o f  vapour = 0*0405 gm /cc .
Mass o f  vapour in  chamber M = 0*028 gms.
T herefore amount o f  h ea t r e le a s e d  H = ML » 2*5 c a l s .
Ï Ï 0 W ,  when b o i l in g  due to  io n iz a t io n  o c c u r s , b u b b les form  
throughout th e  chamber, and t h i s  h eat i s  tak en  from a l l  
p a rts  and w i l l  c su se  a s l i g h t  u n iform  f a l l  in  tem p eratu re . 
However, when th e  chamber i s  recom preseed , th e h ea t i s  
retu rn ed  a t  th e  top  o f  th e  chamber.
The s p e c i f i c  h ea t S o f  iso p e n ta n e  i s  about 0*3 c a ls /g m /^ 0
The mass o f  l iq u id  in  th e  chamber m 4 20p % 9*5 gm s.
' ■ ' H o
Hence tem perature drop throughout chajnber t  4 ^  I'O  C
I f  h ea t g iv e n , sa y , to  to p  th ir d  o f  l iq u id ,  i . e . ' ^ 3  gms.
Temperature r i s e  = 3*0^0.
0
. .  i t  i s  p o s s ib le  fo r  th e  bottom  o f  th e  chamber to  b e 1 0 
below  th e  h e a te r  tempera.ture and th e  to p  about 2^0 ab ove.
In  p r a c t ic e ,  a d i f f e r e n c e  in  bubble d e n s ity  o ii 
h o r iz o n ta l  e le c tr o n  tr a c k s  a t th e  top  and bottom  o f  th e  
chamber was not o b serv ed . However, th e  slow  c y c l in g  r a te








probably gave adequate tim e fo r  g r a d ie n ts  to  d isa p p ea r .
P -  V Diagram*
F in a l ly  th e  PV diagram  was c o n s tr u c te d , where 
i t  Can be seen  th a t  th e  work done on th e  l iq u id  i s  rep re­
sen ted  by th e a rea  FABS F ig . I 9 .
A rough e s t im a te  o f  t h i s  area  gave
Work = 4 * 5  10^ e r g s .
*
= 0*1 c a l s .
Causing a tem perature r i s e  o f  < 0*1^0 in  20 c c s .  o f  
iso p e n ta n e .
A lthough in  a chamber o f t h i s  s i z e ,  th e  e f f e c t
i s  n e g l i g ib l e ,  i t  i s  c le a r  th a t  i t  must be co n sid ered  in
la r g e r  cham bers.
I f  th e  PV diagram i s  in v e s t ig a te d  in  more d e t a i l ,  
s t a r t in g  from A, th e  exp an sion  i s  an a d ia b a t ic  p r o c e s s ,  
Causing s l i g h t  c o o l in g , and as th e  chamber s i t s  in  a super­
h ea ted  s t a t e  th e  l iq u id  tem perature and th e r e fo r e  p ressu re  
w i l l  r i s e  s l i g h t l y  to  0 s in c e  volume i s  f ix e d .
The b o i l in g  p r o c e ss  i s  from 0 D s in c e  energy
removed in  th e  form o f la t e n t  h ea t was removed from th e  
l iq u id .  The r e s u l t in g  low er tem perature g iv e s  a low er  
S atu ra ted  vapour p r e s s u r e . In  tim e th e l iq u id  tem per­
a tu re  ag a in  r i s e s  to  130^0 -  E on th e  c u r v e .
The recom p ression  p ro ce ss  i s  a d ia b a t ic ,  ca u sin g
26
a tem perature r i s e ,  and in  tim e th e  l iq u id  ag a in  s e t t l e s  
t o  130^0 a t  A#
BO and KE were observed  on th e s t a t i c  p ressu re  
gauge, b ut th ey  were too  sm all to  be measured a c c u r a te ly  
b ein g  about 3 pounds p er square in ch  and 6 or 7 pounds 
per square in ch  r e s p e c t iv e ly .  The s te p  PA was n o t  
ob served . They have a l l  b een  ex a g g era ted  in  th e  
diagram fo r  p u rp oses o f  i l l u s t r a t i o n .
A l l  th e s e  m easurem ents and s t u d ie s  gave a g r e a t  
in s ig h t  in t o  th e  w orkings o f  th e device^  proved to  be 
ex trem ely  u s e f u l  when la r g e r  chambers were b u i l t ,  and 
were u sed  when c a lc u la t io n s  on bubble form ation  th e o r ie s  
were b e in g  c o n s id e r e d .
27
0HAPT3R IV . THE FIRST DIRTY OHAÎ.CBERS.
Heed fo r  a Larger Ohamber.
W hile th e  c le a n  chamber was b e in g  d ev e lo p ed , i t  
became clea% th a t  i t  was not o f  much p r a c t ic a l  v a lu e  fo r  
n u c lea r  p h y s ic s  ex p er im en ts . This was due in  p art to  
i t s  s i z e  and p a r t ly  b ecau se o f  i t s  sh ap e . A c y lin d e r  i s  
th e s tr o n g e s t  sh ap e , b e s id e s ,  a l l  sharp cornelcs must be 
avo id ed , and th e  o p t ic a l  d e fe c t  on a tra ck  i s  th e r e fo r e  
la r g e , making a n g le  m easurem ent, fo r  exam ple, a lm ost 
im p o s s ib le . Another c o n s id e r a t io n  was th a t  in  t h i s  
la b o ra to ry  i t  was d e s ir a b le  to  have a d e te c to r  through  
which th e  photon beam o f  th e syn ch rotron  cou ld  be f i r e d .  
This in v o lv e s  in tro d u c in g  a th in  en tran ce window to  th e  
chamber fo r  th e  beam, and having a chamber o f  d im en sions  
w hich cou ld  c o n ta in  tr a c k s  o f p a r t i c l e s  from a h ig h  
energy d i s in t e g r a t io n .
The experim ents on th e  r a te  a t which b u b b les  
grow showed th a t  vapour was s t i l l  form ing a few m i l l i ­
seconds a f t e r  th e  b ub b les were i n i t i a t e d .  That i s ,  th e  
Saturated  vapour p ressu re  had not been  reach ed . I f  an 
expansion  mechanism was d e v ise d  which cou ld  reduce th e  
p ressu re  on th e  l iq u id  a t a f a s t e r  r a te  than th e  p ressu re  
cou ld  r i s e  from b o i l in g ,  a su perh eated  c o n d it io n  cou ld  be
% j  W t M A c u f A
P r e s s o f e  t f 0.11^ t u c f f
 Ter^  leitxC <*•*■
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a ch iev ed  fo r  a sh o r t tim e and might perhaps be r a d ia t io n -  
s e n s i t i v e  .
Apparatus and O p era tio n ,
A chamber was th e r e fo r e  b u i l t  w hich c o n s is te d  o f  
a b ra ss  c y l in d e r ,  w ith  f l a t  p la t e  g la s s  windows dam ped to  
th e  en d s, sep a ra ted  from th e  b ra ss  by a f lu o n  g a s k e t .  The 
p r in c ip le  o f  th e  exp an sion  system  was s im ila r  to  th e  f i r s t  
method u sed  w ith  g la s s  cham bers.
Although C a lc u la t io n s  from c o m p r e s s ib i l i ty  in d ic ­
a te d  th a t a sm a ller  p is t o n  should  be s u f f i c i e n t ,  a d ia ­
m eter p is t o n  w hich cou ld  move up to  1*5” was u se d , g iv in g  
a t o t a l  volume change o f  2-|^. The apparatus i s  shown 
in  F ig .  2 0 .
H eating  was done by th e  same p r o c e s s  a.s b e fo r e  
and th e  r e s t  o f  th e  equipment was i d e n t i c a l  to  th a t  o f  
th e  c le a n  chamber.
When th e  chamber was expanded v io le n t  b o i l in g  
Was im m ediately  o b serv ed , s t a r t in g  from th e  d is c o n t in u it y  
between th e  g l a s s  window and th e  b ra ss  w a l l .  I t  was not 
p o s s ib le  to  ob serve  th e p r e ssu r e  change on th e  gu age, 
s in c e  i t  happened so q u ic k ly . T herefore a p ressu re  
tra,nsducer was b u i l t ,  w hich op erated  on th e  p r in c ip le  o f  
cha.nging c a p a c ity  in  a co n d en ser , one p la t e  o f  which was 
d ir e c t ly  con n ected  to  th e  chamber. This condenser was
J | l ! m
F , q  2 1 .
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th en  made p a rt o f  a  tuned c i r c u i t ,  th e  frequency changing  
as th e  c a p a c ity  o f  th e  condenser changed, and t h i s  was 
d e te c te d  by a  freq uency-m od ulated  d e te c to r ,  and th e  tr a c e  
shown on an o s c i l l o s c o p e .
B ecause o f  th e  n o n - l in e a r it y  o f  th e c i r c u i t ,  i t  
Was not p o s s ib le  to  c a l ib r a t e  th e  tr a c e  w ith  r e s p e c t  to  
p r e s s u r e , but th e  tra.ce proved to  g iv e  a very  a ccu ra te  
in d ic a t io n  o f  change o f  p r e ssu r e  w ith  t im e . F ig .  21 i s  
a t y p ic a l  t r a c e .
The p resen ce  o f  a r a d io a c t iv e  sou rce  cou ld  not 
in d ic a t e  w hether t h i s  chamber was r a d ia t io n - s e n s i t iv e  
s im ila r  to  th e method used  w ith  th e  g la s s  chamber. How­
e v e r , i f  th e  chamber was expanded and a photograph ta lien  
any tim e a f t e r  th e  minimum on th e  tran sd u cer  tr a c e ,  
b ub b les due to  io n iz a t io n  produced from th e  sou rce cou ld  
be seen  i f  th e tem perature was r a is e d  by about 20^0 to
150°c.
P la te  6qshows a photograph w ith  no so u rce ,  
where th e  b o i l in g  a t  th e  w a l ls  can be c le a r ly  s e e n , and 
P la te  a photograph when a Co^  ^ sou rce  was p r e s e n t .
To photograph tr a c k s  o f  h ig h  energy p a r t i c l e s ,  
th e  chamber was tj^ken to  th e  syn ch rotron  and s e t  up 
o p p o s ite  th e  e le c t r o n  beam. The tech n iq u e  was s im ila .r  
to  th e  la .s t  method used  w ith  th e  c le a n  chamber, o n ly  th e
F i g  2 2 a .
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tim in g  o f  th e  chamber exp an sion  had to  be done much more 
a c c u r a te ly  w ith  r e s p e c t  to  th e  beam.
I t  was found th a t  i f  th e  p a r t i c l e s  e n te r e d  th e  
chamber b e fo re  A (P ig .2 2 ) ,  th er e  were no bubbles*  From 
A to  B th e  bubble d e n s ity  g r a d u a lly  in c r e a se d  w ith  
a p p a ren tly  o th erw ise  id e n t i c a l  c o n d it io n s .  From B to  
G, a p er io d  o f  about 5 ms, the bubble d e n s ity  was uniform , 
w h ile  from C onwards, i t  g r a d u a lly  d e c r e a se d . The d e la y  
tim e betw een th e  en tr y  o f  p a r t i c l e s  and ta k in g  the p h oto ­
graphs had to  be g r e a te r  than 0 .5  m s. F ig . 22a shows, 
superim posed on th e  tra n sd u cer  t r a c e ,  a p u lse  in d ic a t in g  
beam t im e . A ccu rate  beam t o  spark tim in g  was done u s in g  
an o s c i l lo s c o p e  w ith  f a s t e r  tim e b a se , the tim e b ase b e in g  
tr ig g e r e d  by th e  beam p u ls e .
Chamber O p eration .
B ecause th e r e  were s e v e r a l  f e a tu r e s  in  the o p era tio n  
o f t h i s  chamber w hich  d i f f e r e d  from t h e  g la s s  chamber, 
they were exam ined in  tu r n .
A lthough  th e  l im ite d  s e n s i t i v e  r e g io n  was ex p ec ted , 
i t  i s  s i g n i f i c a n t  th a t  bubble d e n s ity  i s  reduced i f  th e  
p a r t ic l e s  e n te r  b e fo r e  B on the tra n sd u cer  t r a c e ,  and 
bubbles do n o t e x i s t  b e fo re  A. T h is im p lie s  th a t  the  
energy which g o e s  to  form a bubble i s  d is s ip a te d  through  
th e l iq u id  b e fo r e  the c o n d it io n s  are such th a t  t h i s  en ergy  
i s  s u f f i c i e n t  to  cau se a bubble to  f  oim .
The method employed i n  cloud  chambers to  photograph  
tr a c k s  o f  cosm ic rays by tr ig g e r in g  th e  /
1P l a t e  7
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exp an sion  system  o f  the chamber a f t e r  th e  p a r t i c l e  has 
p assed  through a cou n ter system  on i t s  way to  th e  chamber^ 
i s  th e r e fo r e  n ot p o s s ib le  w ith  bubble cham bers.
Bubble D e n s ity .
I t  has been s ta te d  th a t th e  tem perature o f  
o p e r a tio n  in c r e a se d  c o n s id e r a b ly . Measurements were 
th e r e fo r e  made o f  th e  change o f  bubble d e n s ity  w ith  
tem p eratu re . U n fo r tu n a te ly  i t  was not p o s s ib le  to  
a s s e s s  a c c u r a te ly  th e  bottom  p ressu re  a c h iev ed .
A new l iq u id  was a ls o  used  in  t h i s  chamber -  
propane G^ Hg w hich  had th e advantage th a t  w ith  a normal 
b o i l in g  p o in t  o f  - 40^0 i t  was r a d ia t io n - s e n s i t iv e  a t  
60^0 and th e r e fo r e  w ater could  be used as th e h ea tin g  
f l u i d .  O therw ise O peration  was i d e n t i c a l .
Measurements were made o f  th e  v a r ia t io n  o f  
bubble d e n s ity  w ith  tem perature fo r  b o th  iso p e n ta n e  and 
propane in  t h i s  chamber. Measurement was by th e  same 
p ro cess  as b e fo r e  but an erro r  was in trod u ced  u n le s s  
care was tah en  to  ensure th a t  th e  tra ck  was p erp en d icu la r  
to  th e  Camera. This cou ld  be seen  by n o tin g  where th e  
p a r t i c l e  en tered  and l e f t  th e  chamber.
F ig . 23 shows th e  r e s u l t .  No comparable 
r e s u l t  i s  a v a i la b le  fo r  iso p e n ta n e , but G laser has made 
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propane O^Hg.
I t  Was observed th a t bubble d e n s ity  on tra ck s  
o f  e le c tr o n s  which showed a la r g e  degree o f  s c a t te r in g  
Was d i f f e r e n t  from th a t  on s t r a ig h t  tra ck s in  th e se  
p h otograp h s.
The bubble d e n s ity  was very  h igh  fo r  th e  l a s t  
0*4 cm. o f th e se  tr a c k s , but was low er even than th e  
s t r a ig h t  tr a c k s , fa r th e r  back than t h i s .  This r e s u l t  
i s  summarised in  Table 2 .
These r e s u l t s ,  to g e th e r  w ith  th o se  o f  t h i s  
kind d escr ib ed  in  Chapter I I I  are d isc u sse d  in  th e n ext  
c h a p te r .
Rate o f Bubble Growth.
The r a te  a t  which bubbles due to  io n iz a t io n  
grew Was a ls o  s tu d ied  in  t h i s  chamber. I t  has a lrea d y  
been  p o in ted  out th a t th e  minimum d e la y  tim e in  order  
th a t  bubbles can be seen  i s  co n sid era b ly  lon ger  in  t h i s  
type o f  chamber. I t  was a ls o  found th a t th e  number o f  
bubbles from io n iz a .t io n  had no e f f e c t  on th e ir  r a te  o f  
growth and th ey  grew to  an optimum s i z e  o f  about 1 mm. -  
sometimes l e s s  -  and  no fa r th e r ,  then  f lo a te d  up to  th e  
su rfa ce  o f  th e  l iq u id .
This i s  shown in  R ig . 24* The tim e tak en ^ for  
th e  bubbles to  grow to  mazimum s iz e  -(^about 10 m .s . Y i s
Pi a  S
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the Same as the time taken by the chamber to rea.ch 
saturated vapour pressure as shown on the transducer 
tr a c e .
Although no q u a n t ita t iv e  th eory  i s  a v a ila b le  
fo r  bubbles grow ing under th e se  c o n d it io n s , i t  i s  c le a r  
th a t  the changed p ressu re  c o n d it io n s  cause th e se  d i f f ­
e r e n c e s . In th e d ir ty  chamber, th e p ressu re  i s  co n sid ­
era b ly  h igh er  when th e b ub b les s t a r t  grow ing, and th e r e ­
fo r e  th e ir  r a te  o f  growth i s  r e ta r d e d .
A lso the p r in c ip a l  c o n tr ib u t io n  to  vapour i s  
from w a ll  b o i l i n g .  This c o n tr o ls  th e ra te  o f  in c r e a se  
o f  p ressu re  and th e r e fo r e  th e r a te  o f  growth o f  io n iz a t io n  
b u b b les i s  s u b s t a n t ia l ly  independent o f  th e number o f  
tr a ck s  in  th e  chamber.
An in t e r e s t in g  photograph, P la te  8, shows the  
e f f e c t  o f f i r i n g  a beam o f  lon g  d u ra tio n  -  200 p ..s .  -  
in to  th e c lea n  chamber and photographing th e tra ck s  
2 m .s . l a t e r .  The very th ic k  tr a ck s  are due to  e a r ly  
P a r t ic le s  and th e  th in  ones to  p a r t i c l e s  which occurred  
l a t e r  in  th e beam. This beh aviour in  a c le a n  chamber 
Can be compared w ith  the c h a r a c t e r i s t ic s  o f  a d ir ty  
chamber. The track s o f  e a r ly  p a r t ic le s  compare w ith  
th e  w a ll  b o i l in g  in  a d ir ty  chamber, and th o se  o f  la t e r  
p a r t i c l e s  w ith  normal tr a ck s  in  such a chamber. The
34 .
diam eter o f  th e  b u b b les on th e  sm all tr a ck s  i s  about th e  
same as th a t o f  b u b b les in  a d ir t y  chamber a f t e r  a 2 m .s .  
d elay*  Also th e  bubble d e n s ity  on th e se  tra ck s i s  lower 
than  th a t exp ected  fo r  th e  same tem perature in  a c le a n  
chamber, but i t  i s  known th a t  d ir ty  chambers must be 
op erated  a t ^ h ig h er  term pera tu re  than  c le a n  chambers to  
o b ta in  th e same bubble d e n s ity  fo r  p a r t i c l e s  o f  th e  same 
k in e t ic  en erg y .
I t  i s  a ls o  p o s s ib le  from t h i s  photograph to  see  
im m ediately  a t  which p o in t in  th e  beam p u lse  a p a r t i c l e  
en tered  th e  chamber*
S in ce  th e  r a te  o f growth i s  slow er in  th e  d ir ty  
chamber, r e s o lu t io n  o f  t h i s  k ind  can not be done so accur­
a t e ly  in  th e d ir t y  chamber. However, from F ig . 24 i t  i s  
c le a r  th a t  i f  th e  photograph i s  taken  n ot more than about 
3 m .s . a f t e r  th e f i r s t  p a r t i c l e  has en te r e d , i t  shou ld  be 
p o s s ib le  to  r e s o lv e  e v e n ts  w ith  r e sp e c t  to  tim e i f  th ey  
are g r e a te r  than  about 0*5 m .s . a p a r t.
F in a l ly ,  i t  has b een  im p lied  by workers in  t h i s  
f i e l d  th a t th e r e  i s  some in h eren t d if f e r e n c e  betw een c le a n  
and d ir ty  bubble cham bers. These measurements show th a t  
th e  d if fe r e n c e  i s  due e n t i r e ly  to  the d i f f e r e n t  p ressu re  
c o n d it io n s  ex p er ien ced  by th e  b u b b le s .
3^ .
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E xperim ental R e su lts  .
The exp er im en ta l r e s u l t s  which have been obta ined  
so fa r  on the v a r ia t io n  o f  bubble d e n s ity  w ith  chamber con­
d i t i o n s  w i l l  now be c o n s id e red . These r e s u l t s  a re , v a r ia ­
t i o n  o f  bubble d e n s i t y  w ith  temperature ( F ig .11) and super­
h eat ( F i g .12) in  th e  c lea n  i s o p e n t a n e - f i l l e d  chamber, and 
v a r ia t io n  o f  bubble d e n s i t y  w ith  tem perature ( F ig ,23) in  the  
d ir t y  chamber f i l l e d  in  tu rn  w ith  iso p en tan e  and propane. 
G la s e r ’s r e s u l t  i s  a l s o  shown on F i g .2 3 .
B efore c o n s id e r in g  them, however, the r e s u l t  
ob ta ined  when comparing bubble d e n s i ty  fo r  low energy e l e c ­
tro n s  w ith  h igh  energy e le c tr o n s  w i l l  be co n s id e red . (Table2).
Measurements o f  g r a in  d e n s ity  in  n u c lear  p l a t e s  
have shown a 15^ in c r e a se  fo r  e le c t r o n s  o f  0-99 
compared w ith  e le c t r o n s  o f  ^ = 0,96  and s im i la r  measurements 
in  cloud chambers have shown an even g r e a te r  in c r e a se  in  
drop c o u n t .
The range o f  an 0 .5  H . e . v .  e le c t r o n  in  isop en tan e  
i s  about 0,3  cm. and a 1 M. e . v .  e le c t r o n  about O.9 cm. 
Therefore, by ta k in g  the l a s t  I .5 -  O.5 cm. o f  a. track  t h i s  
i s  a reg ion  w h e r e O . 9 6 , w h ile  0,99  fo r  the p a r t i c l e s  
tr a v e r s in g  th e  chamber.
36
Thus from t h i s  r e s u l t  i t  i s  c le a r  th a t about a 
20$ in c r e a se  in  bubble d e n s ity  i s  exp er ien ced  in  bubble  
cham bers. B lin o v  has rep orted  12*5$ fo r  t h i s  v a lu e .
E arly  T h e o r ie s .
The formula, d e r iv e d  by G laser and shown in  th e  
in tr o d u c tio n  gave th e  chamber c o n d it io n s  n ecessa ry  fo r  a 
bubble to  form i f  a known number o f  charges n were a v a i l ­
a b le  .
This form ula gave a good in d ic a t io n  o f  th e  
tem perature o f  o p e r a tio n  found in  p r a c t ic e ,  and th e r e fo r e  
B ertanza ( r e f . 6 ) ,  u s in g  th e charge p r in c ip le  as a b a s i s ,  
d evelop ed  an e la b o r a te  form ula to  g iv e  th e  number o f  
b u b b les which might be exp ected  fo r  g iv e n  cha,mber c o n d it­
io n s  and g iv e n  p a r t ic le  e n e r g y .
B ertanza  p o in ted  out th a t  io n  d e n s ity  was h igh er  
on th e  tra ck s o f  S -r a y s  or secondary e le c tr o n s  produced  
by th e  i n i t i a l  p a r t i c l e ,  and fu r th e r , th a t t h i s  io n  d e n s ity  
Was a maximum a t th e  end o f a S -r a y  tr a c k . He sa id  th a t  
a ma,ximum o f  one bubble cou ld  be cr e a te d  by any s in g le  
^ - r a j  b ecau se th e  d iam eter o f a bubble on a photograph  
Was much la r g e r  than th e range o f  most S - r a y s .  However, 
th er e  was a. f i n i t e  p r o b a b il ity  th a t a % -r a y  would not  
produce even one b u b b le , and th e  so c a l le d  J -r a y  c o n tr ib ­
u t io n  Was g iv e n  by
37
r\g= £  ( 2^  ""I -  2  ^  + 3 2  - ".') d^
K^,
where ( i )  th e  average number o f  £ -r a y s  h aving  e n e r g ie s  
betv/een E and E + dE i s  g iv e n  by:
dH  =  - 0 -  d E
C = con st#
( i i )  th e  p r o b a b i l i t y  th a t  a S -r a y  w i l l  produce a  
s u f f i c i e n t l y  h ig h  io n  d e n s ity  i s  g iv e n  by:
(No + K) I
Fq = minimum number o f  io n s  re q u ir e d ,
%  = number o f  io n s  o b ta in e d .
As th e chamber became more s e n s i t i v e  and th e r e fo r e  th e  
number o f  ch arges req u ired  fo r  a s u c c e s s f u l  bubble became 
l e s s ,  th ere  was a f i n i t e  p r o b a b i l i t y  th a t  b u b b les could  
form on th e path  o f  th e  i n i t i a l  p a r t i c l e  -  a co re  
c o n tr ib u t io n  g iv e n  by:
-
-  ra d iu s  o f  c r i t i c a l  bubble
Tjr = energy f o r  c r i t i c a l  bubble
Ê » average energy  l o s s  o f  prim ary p a r t i c l e .
Hence th e t o t a l  number o f  bub b les formed was g iv en  by:
= “ s +  %
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chamber and c la im ed  to  g e t  a good f i t  to  th e  ex p er im en ta l
cu rv e . (P ig . 2 5 ) .
A f te r  corresp on dence w ith  B ertan za  to  d eterm in e th e  
ex a ct method o f  c a lc u la t io n  o f  n j , th e  au th or and Mr. 
M cParlane, in d e p e n d en tly , c a lc u la te d  n^ fo r  th e  c o n d it io n s  
which e x is t e d  in  th e  c le a n  chamber during th e  experim ent 
on th e v a r ia t io n  o f  bubble d e n s ity  w ith  tem p era tu re .
I t  can be seen  on P ig . 26 th a t  a v e r y  poor f i t  was
found to  th e  ex p er im en ta l curve* The n c o n tr ib u t io nc
in  p a r t ic u la r  r o s e  v e r y  sh a r p ly  and in d ic a te d  about 1000  
b u b b l e a t  136^ 0.
The erro r  h ere  l i e s  e i t h e r  in  th e  form ula or in  th e  
i n i t i a l  prem ise th a t  b u b b les form by the accu m u lation  o f  
l ik e  c h a r g e s .
A lth o u ^  G la ser  f i r s t  proposed  th e  charge th e o r y , a l l  
he in  f a c t  showed was th a t i f  n l i k e  ch arges e x i s t ,  th en  
under c e r ta in  c o n d it io n s  o f  tem perature and p r e ssu r e  a 
bubble w i l l  form . G laser  was l a t e r  a b le  to  show th a t an 
U - p a r t i c l e  cou ld  cau se a bubble to  form when th e  chamber 
c o n d it io n s  were su ch  th a t  900 ch arges o f  the same s ig n  must 
e x is t  in  a r e g io n  2 x  10"^cm in  d ia m eter . T his i s  g r e a te r  
than th e  maximum io n iz a t io n  a t ta in e d  by a s l o w i n g - p a r t i c l e  
(R ef. 7 )
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S -r a y  T h e o r ie s .
E xperim ents perform ed by G laser  (R ef. 8 ) and 
B lin o v  (R ef. 9) on th e  v a r ia t io n  o f  bubble d e n s ity  
w ith  p a r t i c l e  e n e r g y  showed th a t  bubble d e n s ity  was 
p r o p o r t io n a l to
Row, th e  number o f  § - r a y s  produced by a p a r t i c l e  
o f  v e l o c i t y  A i s  g iv e n  by :
1 .5 3  2  z  10^ 1
2  = atom ic number o f  ab sorb er
P = d e n s ity  o f  ab sorb er
A = atom ic w eigh t o f  ab sorb er
= minimum S - r a y  energy




= 4 .1 x 1 0 ^ f o r  A =1 in  i s o p entame
E
T*C B ubbles  
p er  cm.
S -r a y s  p rod u cin g  
b u b b le s \ i n .8 - r a y .
128 10 10 5950
130 18 18 2250
132 22 22 1900




2 1^" 2 ^  
dynes/cm  d yaes/cm  d yn es/cm  cm. e .v .
Range 
Ej cm.
1 2 .5 10® 1 1 .5 10® 4 .8  1 .3 2 10“® 3950 5 0 .0  10
1 3 .0 1 2 .0 4 .6  1 .2 8 2250 1 1 .0
1 5 .5 1 2 .5 4 .4  1 .2 0 1900 8 .4
1 4 .0 1 3 .0 4 .2  1 .1 5 1250 5 .0
1 4 .5 1 5 .5 4 .0  1 .6 9 820 1 .4
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t -That i s  fo r  f ix e d  chamber c o n d it io n s  d  ^  im p ly in g  
th a t  8 - r a y s  are in  some way r e s p o n s ib le  fo r  th e  
c r e a t io n  o f  b u b b le s .
I f  a l l  8 -r a y s  w hich have in  th em se lv es  enough 
en ergy  to  form a b u b b le , in  f a c t  do, th en  i t  i s  
p o s s ib le  to  deduce t h i s  energy ftom  eq u a tio n  5* The 
r e s u l t  i s  shown i n  Table 3 .
A bubble w i l l  grow sp o n ta n eo u sly  i f  i t  has  
reach ed  a d iam eter 2R^ g iv e n  by
2R  = ---------------- --------------- 7 .
A lso , th e  ran ge o f  an e le c tr o n  in  a dense medium i s  
g iv en  by
R = 0 .5 8  P_^ fo r  E le c tr o n  < 1 MeV.
A 2
R = gm/cm
E « MeV# (R e f. 9 a .)
T able 4 , th e r e fo r e ,  com pares th e  range o f  S -r a y s
u .
o f  en ergy E shown in  Table 3 , w ith  v a lu e s  o f  2R^ 
c a lc u la te d  fo r  th e  p r e v a i l in g  chamber c o n d it io n s .
I t  can be seen  th a t  th e  8 -r a y  d e p o s it s  i t s  
energy over a much lo n g e r  range th an  the c r i t i c a l
bubble d iam eter 2R^. TJhile i t  i s  p o s s ib le  th a t
some 8 -r a y s  do d e p o s it  a l l  t h e ir  en ergy  in  t h i s
r e g io n , th ey  w i l l  n o t  a l l  do s o , and th e r e fo r e  i t  
i s  c le a r  th a t  t h i s  sim ple a n a ly s i s  d oes n o t e x p la in  
th e  p r o c e s s .
Energy fo r  Bubble Form ation.
i t  i s  p o s s ib le ,  how ever, from a form ula due to  
Volmer (R e f. 10) to  c a lc u la t e  the en ergy  req u ired  
to  c r e a te  a s ta b le  bubble in  a l iq u id  under known 
c o n d it io n s  o f  tem perature and p r e s su r e , a s ta b le  
bubble b e in g  one w hich  h as reach ed  a  d iam eter 2R^.
The en ergy  E^ re q u ired  i s
E = ^  2 3  + 32
^ 3 KI (Poo-P q)^ (P «  - P ^ r  3 (Peo-^o^
TABLE 5 .
(3T ) “ 0"26 10® d y n e s /c m ./  K.
T®C H E .m o ls . E. s u r fa c e E.work E_.
K e . v . e . v . e . v . e . v .
128 3345 158 26 1 .5 1 8 6 't  10
130 3274 115 22 1 .5 140 ± 8
132 3161 94 17 1 112 ± 6
134 3063 75 14 1 90 ± 6
136 2978 51 11 1 6 3 ^ 4
TABLE 6
T*G AP H ®v
Katmo s . e . v .
134 9 .5 3063 193 ±  22
1 0 .5 3063 162 ± 1 8
1 1 .5 3063 126 i  16
136 9 . 5 2978 185 i  20 '
1 0 .5 2978 140 ± 15
1 1 .5 2978 115 î  12
1 2 .5 2978 87 i  8
42.
Where H = h ea t  o f  v a p o r iz a t io n  per m olecule  
Z  = Boltzman co n sta n t  
T = Temperature
The f i r s t  term i s  the energy req u ired  to  con­
v e r t  m o lecu les  th a t  were in  th e  l iq u id  s t a t e  to  m o lecu les  
in  th e  vapour s t a t e .  The second i s  th e  energy to  c r e a te  
the su r fa c e  o f  a bubble o f  ra d iu s  Rq and th e  th ir d  i s  th e  
P d v . work th e  bubble  must do a g a in s t  th e  h y d r o s ta t ic  
p ressu re  growing from R = 0 to  R =» Rq .
The V alues o f  t h i s  energy have been  c a lc u la te d  
fo r  v a r io u s  chamber c o n d it io n s  in  iso p en ta n e  and the  
r e s u l t s  are shown in  Tables 5 and 6 . The heat o f  









Although a measurement has been  made o f  change 
o f  bubble d e n s i t y  w ith  temper suture fo r  f a s t  e le c t r o n s  in  
th e  d i r t y  chamber f i l l e d  w ith  iso p en ta n e  and propane, i t  
i s  not p o s s ib l e  to  c a l c u la t e  Ey from th e s e  r e s u l t s  b ecau se  
th e  su perh eat -  Pq could  not be measured. A g u ess  o f  
about 8 ! 3 atmospheres fo r  t h i s  qua,ntity a t  ^IJO^G fo r
T a b le  ? .
By. S ra y s b u b b les /cm . c o r r e c te d SS
e . v . energy \  d .  ng r ( d  -  20%)
185 210 10 8 26
140 290 18 1 4 .5 20
112 360 22 18 20
90 450 33 27 18
55 640 50 40 15
193 200 8 7 26
166 230 1 2 .5 1 0 .5 22
140 290 17 14 21
185 215 1 2 .5 1 0 .5 21
140 290 1 7 .5 14 20
115 355 24 19 19
87 460 31 25 1 8 .5
4 3 .
iso p en ta n e  and 60^0 f o r  propane g iv e s  a v a lu e  o f  in  
th e  r e g io n  exp ected  -  th a t  i s  about 150 e .v #  but s in c e  
i s  so s t r o n g ly  dependent on t h i s  r e s u l t  i s  n o t
o f  much q u a n t i t a t iv e  va lu e  «
The Volmer energy  fo r  G la s e r ' s  experim ent f o r  minimum 
i o n iz in g  Tf mesons in  propane h a s ,  however, been  
c a lc u la t e d  and i s  131 e .v #  w ith  a s s o c ia t e d  n^ = 305 where 
bubble d e n s i t y  f o r  th e s e  p a r t i c l e s  was 15 b ubbles  p er  
c e n t im e tr e .
The number o f  S - r a y s  o f  energy  E^ or g r e a te r  was 
c a lc u la t e d  from eq u a tio n  5* To compare t h i s  w ith  th e  
number o f  b u b b les  p er  c e n t im e tr e ,  d, i t  i s  f i r s t  n e c e s sa r y  
to  c o r r e c t  d fo r  minimum i o n i s i n g  p a r t i c l e s  s in c e  ng  
was c a lc u la t e d  assuming minimum i o n i z a t i o n .
The r a t i o  ^^^shown i n  Table 7 shows a f a i r l y  co n sta n t  
v a lu e  ex c ep t  a t  th e  two extrem es -  very  h ig h  and v e r y  low  
bubble d e n s i t y .  However^ th er e  i s  c l e a r l y  a very  h ig h  
c a s u a l ty  r a t e  o f  th e s e  8 - r a y s j i f  do
Thermal Spike Theory.
So f a r ,  a lth ough  the charge c l u s t e r  model h as been  
r e j e c t e d ,  no s u b s t i t u t e  has been put forward to  r e p la c e  i t .  
I t  i s  now c l e a r  th a t  any a l t e r n a t i v e  th e o r y  must a l s o  
e x p la in  the h ig h  c a s u a l t y  r a te  o f  S - r a y s .
S ev er a l  w orkers, no tab 1,^ G laser  and S e i t z ,  have  
proposed th a t  b ub b les  form due to  the c r e a t io n  o f  therm al
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sp ik e s  in  the l i q u i d ,  th a t  i s ,  sm a ll  r e g io n s  where th e  
tem perature i s  h ig h er  than th a t  o f  the su rrou n din gs.
S e i t z  haB gone in to  t h i s  in  some d e t a i l  and 
h i s  paper w i l l  now he c o n s id e r e d . (R ef. 11) The 
b a s is  o f  the th oery  i s  th a t  a S -r a y  o f  energy Ey or
g r e a te r ,  d e p o s i t s  t h i s  energy i n i t i a l l y  in  a re g io n
Vo = TT a^R
where R = range o f  S -ra y
a = mean m olecular rad iu s  o f  medium.
Row Vq 4  Vq where Yq = ' This sm all
bubble w i l l  grow^and s in c e  th e r e  i s  a v a i la b le  enough 
energy Ey to  c r e a te  a bubble o f  s i z e  Yq^yiH I  reach a 
s i z e  a t  which i t  becomes s ta b le  and can th e r e fo r e  con­
t in u e  to  grow w ith o u t th e  a id  o f  a d d i t io n a l  en ergy .
However, S e i t z  p o in ted  out th a t  t h i s  growing  
p er iod  from i n i t i a l  bubble Yq to  bubble o f  volume 
must be co n s id e r e d , s in c e  i t  i s  p o s s ib le  f o r  h ea t to  be 
l o s t  by con d uction  through th e  l iq u id  a t  a f a s t e r  r a te  
than the bubble can grow.
He ca lcu la ,ted  th e  r a t e  o f  growth of- bubbles
from Vq to  Y^  and compared i t  w ith  the ra te  o f  d i s s i p a t i o n
o f  h ea t  from a r e g io n  Vq . S ince  t h i s  c a lc u la t io n  was
la r g e ly  s p e c u l a t i v e , i t  w i l l  not be d e sc r ib e d  in  d e t a i l ,
but the r e s u l t  fo r  propane i s  g iv e n .  For propane a t 55^0 
w K e r ^  b u b b l e ,  i s  c * .b o u b  IS b u b b / c - S y / c m
and -  Pq = 10 atm ospheres, a d d i t io n a l  energy requ ired  
i s  e . v . ,  s in c e  t h i s  i s  th e  amount l o s t  ^y r a d ia t io n .
However, S e i t z  then p o in te d  out th a t  in  t h i s  
c a lc u la t io n  v i s c o s i t y  e f f e c t s  mast be taken  in to  account  
s in c e  th e  e f f e c t  o f  th e  v i s c o s i t y  o f  th e  l iq u id  i s  to  
r e ta r d  th e  growth o f  the m icro sco p ic  bubble and hence  
a l lo w  more tim e fo r  the l o s s  o f  h e a t .
Although accu ra te  v a lu e s  o f  th e  v i s c o s i t y  o f  
propane under the. c o n d it io n s  which e x i s t  in  a bubble  
chamber are not known, S e i t z  took  a v a lu e  o f  = 1 c e n t i -  
p o is e  and r e c a lc u la t e d  th e  v a lu e  o f  th e  a d d i t io n a l  energy  
req u ired  to  be about 4750 e . v .
This im p l ie s  th a t  th e  energy req u ired  fo r  a
bubble i s  about gOOO e . v .  i n  a l l ,  but i t  has b een  shown
f i r s t  th a t  fewer S - r a y s  o f  t h i s  energy are formed by a
Table. 3
p a r t i c l e  o fp  = 1 than b ubbles  observed,^and second , th a t  
a & -r a y  o f  energy 5OOO e . v .  has a range^40x2RQ , 
whereas th e  b a s i s  o f  t h i s  c a l c u la t io n  r e s t s  w ith  the  
energy s t a r t i n g  in  a l o c a l i s e d  r e g io n  
R evised  V i s c o s i t y  C a lc u la t io n .
The form ula S e i t z  u sed  to  c a lc u la t e  h ea t l o s t  was
E  =  g o  X  I R Ç J . 3 Ï -  1 9 .
Y Tc { Ro )
TABLE 8 .




p o i s e
10“^ ttlO . e . v .
"s ^B ss
^B
128 1 2 .5 9 .6 0 .8 3 5 571 757 54 8 6 .7
130 1 3 .0 9 . 5 0 .7 6 5 658 658 62 1 4 .5 4 . 2
132 1 3 .5 9 . 3 0 .7 0 5 471 585 70 18 3 .9
134 1 4 .0 9 .2 0 .6 4 5 424 516 80 27 3 .0
136 1 4 .5 9 .1 0 .5 9 0 383 453 88 40 2 .2
134
136
9 .5 9 . 2 0 .6 1 570 763 52 7 7 .4
1 0 .5 0 .6 6 524 690 60 1 0 .5 5 .7
1 1 .5 0 .7 2 5 474 614 65 14 4 . 6
9 .5 9 .1 0 .7 1 5 502 687 10 10 6 .0
1 0 .5 0 .7 8 471 611 67 14 4 .7
1 1 .5 0 .8 6 428 543 75 19 3 .9
1 2 .5 0 .9 3 396 483 85 25 3 .2
A G .
where ^  = R a tio  o f  s p e c i f i c  h e a ts  1 fo r  hydrocarbons  
= v i s c o s i t y
^  = r e la x a t io n  tim e fo r  d i s s i p a t i o n  o f  heat in
bubble ra d iu s  Rq
T  = D = A
4D pc
\  = therm al c o n d u c t iv i ty
p = d e n s i t y
c = s p e c i f i c  h eat
Rq Rq Y q siB a lrea d y  d efin ed *
A Value f o r  v i s c o s i t y  fo r  iso p en ta n e  was ob ta in ed  
from I n te r n a t io n a l  C r i t i c a l  T a b le s .  This i s  1*98x10"^ 
p o is e  a t  30^C. A lso , an e m p ir ic a l  form ula r e la t in g  v i s c o s i t y  
w ith  tem perature was g iv e n  thus
n = -------à--------------- 1 0 .
( B + t  
A » 391*^
B .  208"6
n = 2-2186
t  = ° 0 .
Whence v a lu e s  o f  v i s c o s i t y  fo r  iso p en ta n e  under the  
c o n d it io n s  which a p p lied  in  the c le a n  chamber experim ents  
are a f a c t o r  o f  about 10 l e s s  than th e  v a lu e  u sed  by S e i t z .
The h ea t l o s t  by a bubble growing from Rq to  Rq 
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W hile th ere  are  s u f f i c i e n t  $ - r a y s  a v a i la b le  w ith  
th e  n e c e s sa r y  en ergy , th e r e  i s  no ob v ious r e l a t i o n  
between th e  number o f  th o se  S -r a y s  and the number o f  
bubbles found by experim ent*
Bubble D en s ity  and Volmer Energy*
The r e s u l t s  i n  Tables 5 snd 6 were then re c o n s id e r e d ,
ig n o r in g  th e  5 -r a y  s ta g e ,  and a graph drawn o f  bubble
d e n s ity  a g a in s t  Volmer en ergy . I t  can be seen  th a t  
d e s p ite  th e  v a r i e t y  o f  c o n d it io n s  th ere  appears to  be a
c o r r e la t io n  between d and E^* (P ig*27) A graph o f  d and
^  was then  drawn and a s t r a ig h t  l i n e  obtained* (P ig*28*)
C onclusions*
A lthough th e  v i s c o s i t y  e f f e c t  su g g ested  by S e i t z  does  
not seem to  f i t  th e  o v e r a l l  p a t te r n ,  i t  i s  p o s s ib l e  t h a t  
even th e  amended c a lc u la t io n  shown i n  Table 8 r e q u ir e s  
fu r th e r  m o d if ic a t io n *
I t  i s  s i g n i f i c a n t ,  however, th a t  a good c o r r e la t io n  
i s  found between bubble d e n s i t y  and Volmer energy* A l l  
p a r t i c l e s  o f  th e  same mass and energy w i l l  lo s e  energy  
a t  th e  same r a t e ,  th e r e fo r e  the amount o f  energy  a v a i la b le  
for  b ub b les  i s  the same* The graph shown in  P i g *28 
im p l ie s  th a t  th e  r a t i o  of t h i s  energy to  the en ergy  
req u ired  f o r  a bubble i s  p r o p o r t io n a l  to  th e  number o f  
bubbles found -  a rea so n a b le  d ed u c tio n .
I t  would a l s o  appear t h a t  apart from the
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extrem es o f  chamber s e n s i t i v i t y ,  t h i s  energy  i s  d e p o s ite d  
by th e  S - r a y s ,  th a t  i s ,  some o f  th e  S -r a y s  l o s e  energy  
by c r e a t in g  l i t t l e  h o t  sp o ts  in  th e  l i q u i d ,  -t ^a t  
cau sin g  m olecu lar  e x c i t a t i o n ,  and th e  p ro p o r t io n  o f  S - r a y s  
which do t h i s  i s  about one in  tw e n ty .
At h ig h  chamber s e n s i t i v i t y ,  where Ey i s  s m a l l , 
bubble d e n s i t y  i s  h ig h e r  than might be ex p ec ted  from 
% - r a y  p r o c e s s e s .  I t  i s  p o s s ib l e  th a t  B ertanza*s con­
c e p t io n  o f  a core c o n tr ib u t io n  may e x p la in  t h i s  -  the  
primary p a r t i c l e ,  in  a d d i t io n  to  c r e a t in g  S - r a y s , may 
i t s e l f  c r e a te  l o c a l  h ot sp o ts  in  th e  l i q u i d .
This th e o r y ,  however, does not e x p la in  th e  odd 
shape o f  th e  d : T curve observed  in  th e  c le a n  chamber, 
and by G la se r .  The restL lts  are not s u f f i c i e n t l y  r e f in e d  
to  show a s i g n i f i c a n t  tren d  in  th e  d ; c u r v e . I t  may 
be th a t  r a th e r  more energy i s  req u ired  f o r  bubble form­
a t io n  than  g iv e n  by th e  Volmer eq u a tio n  in  t h i s  r e g io n .  
S ince  t h i s  e f f e c t  was noted in  G laser*s  r e s u l t s  i t  i s  
u n l ik e ly  th a t  i t  i s  a v i s c o s i t y  e f f e c t  which i s  a f u n c t io n  
o f  tem p eratu re . The r e s u l t  .was n ot observed  in  th e  
d i r t y  chamber, probably  b ecau se  o f  th e  mode o f  the  
exp an sion  sy stem .
Further E xp er im en ts .
Although th e  p r e c i s e  b u b b le-form in g  p r o c e s s
has n o t y e t  been  f u l l y  e x p la in e d ,  i t  would be u s e f u l  to  
see  to  what e x te n t  bubble co u n tin g  can be used  to  a id  
P a r t i c l e  i d e n t i f i c a t i o n  -  in  p a r t i c u la r  th e  i d e n t i f i c a t i o n  
o f  p a r t i c l e s  which s to p  in  th e  chamber.
I t  would a l s o  be o f  i n t e r e s t  to  measur4 th e  
e f f e c t  o f  p a r t i c l e  energy  on bubble d e n s i t y ,  e s p e c i a l l y  
a t  low v a lu e s  o f  ^ w hich  can be o b ta in ed  from th e s e  
s to p p in g  p a r t i c l e s .  The n ex t  s e c t i o n s  d e s c r ib e  the  
exp er im en ts  which were performed in  t h i s  f i e l d .
5*0
CHAPTER V I . particles  STOPPING III THE BUBBLE OHAIIBER.
I d e n t i f i c a t i o n  by I n s p e c t io n .
P a r t i c l e s  which s to p  in  a su b stan ce  can be  
r e c o g n ise d  to  a c e r t a i n  e x te n t  b y ^ th e ir  b eh aviour in  
th a t  su b s ta n c e .  P a r t i c l e s  produced by a r e a c t io n  
between th e  350 M .e .v .  oesjcn and a t a r g e t  in  th a t  beam 
are photons and TT m esons. I f  th ey  s to p  in  a  hydrocarbon- 
f i l l e d  bubble chamber then th ey  can be i d e n t i f i e d  as  
f o l l o w s .
P rotons w hich are stopped  in  propane have a 
v er y  low c r o s s - s e c t i o n  f o r  r e a c t io n  w ith  carbon or hydrogen  
a t  th e s e  e n e r g ie s  and s in c e  th e  p roton  i s  a s t a b le  p a r t i c l e  
and shows no decay p r o c e s s ,  no even t W i t t  se  en a t  the end 
o f  th e  t^ a c k .
The c r o s s - s e c t i o n  fo r  an g le  s c a t t e r i n g ,  however, 
in d ic a t e s  th a t  th e r e  i s  a p r o b a b i l i t y  th a t  two la rg e  
an g le  s c a t t e r in g  e v e n ts  could  be ex p ected  in  100 p roton  
t r a c k s .
The TT^meson i s  p reven ted  from i n t e r - ^ a c t i o n  
w ith  th e  n u c le i  in  th e  propane medium by coulomb 
r e p u ls io n  fo r c e s  and th e r e fo r e  when i t  s t o p s ,  i t  l i e s  
q u ie sc e n t  u n t i l  i t  decays by the now f a m i l ia r
TT+ -»  1» e+
S'/.
decay scheme. S in ce  the ir"*" -y decay i s  a. two body  
p r o c e s s ,  the o th er  p a r t i c l e  b e in g  a n e u tr ih d , th e  meson 
w i l l  always have th e  same k i n e t i c  energy when d ecay in g
from a a t  r e s t .  This i s  4*12 M .e .v .  w ith  a s s o c ia te d
tra ck  le n g th  o f  0*3^ cm. in  propane. Although th e  
p o s i t r o n  w i l l  not always have th e  same k i n e t i c  energy  
s in c e  th er e  are two n e u tr in o s  a s s o c ia t e d  w ith  th eyu t  
d ecay , i t  w i l l  alw ays be^ÇO M .e .v .
The h a l f  l i f e  o f  th e  i s  2 •54xlO“ ^ s e c . ( R e f .12) 
and by c a lc u la t in g  th e  tim e which a IT meson ta k es  to  le a v e  
the ta r g e t  and s to p  in  th e  propane, th e  p r o b a b i l i t y  th a t  
i t  w i l l  decay in  f l i g h t  can be e s t im a te d .
The tim e which i t  ta k es  to  s to p  i s  g iv e n  by th e
formula (R e f • 1 3 )
^ ^  mu' Tf 3' )
12 e4 n.-s fen (E^)J
rn = e l e c t r o n  mass 
u =' meson % ss  
Vj_ » i n i t i a l  v e l o c i t y  
Vf = f i n a l  v e l o c i t y  
e = e l e c t r o n ic  charge  
IT = IIo. o f  atom s/cm . ^  
g = atom ic number 
I  = I o n iz a t io n  p o t e n t i a l
52
0
The decay p ro ce ss  i s  governed by tE5“5 ^ a t i o n  
—Xt
11 = Mo e~ where \  = 2.
T
T  a h a l f  l i f e  
Table 9 shows th e  p r o b a b i l i ty ,  f o r  ji mesons and 2 e n e r g ie s  
ofIT m esons, th a t  a decay w i l l  take p la c e  b e fo r e  th e  
p a r t i c l e  has s top p ed .
^ p a r t i c l e  T  t  decay in
f l i g h t
35 M .e .v  2*54xlO“*8 7*5x10-10 1 . 5^
45 M .e .v .  2*54x10“  ^ ■ 10x10"^'^ 2fo
4 .1 2  M .e .v .  2» 1x10-6 lx lQ -1 1  -Ol b^
As th e  ir“ meson i s  slowed down to  a few E . e . v .  
i t  i s  most l i k e l y  to  be captured by a hydrogen or carbon  
n u c le u s .  In  th e  ca se  o f  hydrogen, w hen .the tt” i s  in s id e  
th e  e lectron ic  K s h e l l  i t  can o n ly  go to  th e  m esic  Z s h e l l  
by o p t i c a l  t r a n s i t i o n ,  a rare  p r o c e ss  in  hydrogen.
A n e u tr a l  m esic hydrogen atom then  e x i s t s ,  and e v e n tu a l ly  
the meson i s  most l i k e l y  to  be captured by carbon, th a t  i s ,  
th e  a b so rp tio n s  are n ear ly  a l l  in  carbon.
A study o f  tt" a b so rp tio n  in  n u c lea r  p la t e s  has  
shown th a t  fo r  l i g h t  e lem en ts  such as carbon, cc p a r t i c l e s  
th a t  are em itted  h a v e < 30 M .e .v .  k i n e t i c  en ergy . However, 
a 30 M .e .v .  oc p a r t i c l e  w i l l  not g iv e  a tr a c k  o f  v i s i b l e  
le n g th  in  propane. Other p a r t i c l e s  which may be em itted  
in  th e  subsequent d i s i n t e g r a t i o n  are p ro ton s which w i l l
^ 3.
be see n  i f  th ey  have more than 8 M .e .v .  k i n e t i c  en ergy ,
and neutrons which w i l l  not be s e e n .  A p r e c i s e  a n a ly s i s
o f  th e  r e l a t i v e  numbers o f  d i s i n t e g r a t i o n s  in v o lv in g  h igh
energy p roton s has not been ma,de, but i t  i s  c le a r  th a t  a
-n-  w i l l  show e ith e r  0 , 1, 2 or 3“P^onged s ta r s .
Since th e  capture p r o c e s s  i s  very  f a s t 1 0 " ^ ^ s e o . ,
th e  p r o b a b i l i t y  th a t  a ir"  w i l l  decay in  f l i g h t  or b e fo r e
. decay.
Capture i s  the same as ir M_%n f l i g h t .
D oubtfu l O pses.
Thus w h i le  mesons can be d is t in g u is h e d  
u n iq u e ly  provided  th e  p o s i t r o n  i s  s e e n , th e r e  might be 
co n fu s io n  between ap p aren tly  zero-pronged  if"' s t a r s  and 
p r o to n s ,  and s in g le -p r o n g e d  s t a r s  and s i n g l e  s c a t t e r e d  
p r o to n s .  This can be overcome in  some in s ta n c e s  by 
in s p e c t io n  o f  th e  m u lt ip le  coulomb s c a t t e r in g  on the  
track  -  the meson undergoes more than th e  p ro to n , but 
th ere  are in s t a n c e s  where t h i s  i s  not c o n c lu s iv e .
F urther , tr a ck s  in  bubble chambers are not as f i n e  as  
tra ck s  in  em u ls io n s ,  th e r e fo r e  a ccu ra te  measurements o f  
m u lt ip le  s c a t t e r in g  are not p o s s i b l e .
I t  would be most u s e f u l  i f  bubble cou n ting  
could  be u sed  t o  d i s t in g u i s h  betw een th e s e  p a r t i c l e s .  
E xperim ent.
The d ir t y  chamber was s e t  up in  th e  p o s i t i o n
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used w ith  th e  f i r s t  chamber, th a t  i s ,  below  a ta r g e t  s e t  
in  th e  S beam, and a few photographs ta k e n . P la te  9 i s  
a t y p i c a l  example and shows what was b e l i e v e d  to  be a 
proton  stop p in g  in  th e  l i q u i d ,  because o f  th e  s t r a ig h t n e s s  
o f  th e  t fa c k  and no event a t  th e  tr a ck  en d in g . .
The tr a ck  v;as d iv id e d  in to  eq u a l s e c t i o n s ,  a 
bubble count made in  each , and converted  to  bubbles per  
c e n t im e tr e ,  and from th e  r e s id u a l  range o f  th e  mean p o in t  
o f  each sec t io n ^ en erg y  and hence were ob ta in ed  from 
Tables U 0 R L 23OI.
A graph o f  d : I g  however, from t h i s  tr a ck , d id  
not g iv e  a s t r a ig h t  l i n e ,  but f e l l  away a t  h igh er  v a lu e s  
o f  bubble d e n s i t y .  ( F ig . 29)
I t  was p o s s ib le  th a t  th e  tra ck  was o f  a Ti“ meson 
which gave no v i s i b l e  products when captured by a n u c leu s  
in  th e  l i q u i d .  However, i t  was c le a r  th a t  t h i s  chamber 
Was to o  sma.ll to  make a f u l l  i n v e s t i g a t io n  o f  the b eh av iou t  
o f  p a r t i c l e s  w h ich , when e j e c t e d  from a t a r g e t ,  s top  in  
th e  propane medium.
A la r g e r  chamber was th e r e fo r e  d es ig n e d , and th e  
op p ortu n ity  was taken to  i n v e s t i g a t e  a d i f f e r e n t  mode o f  
exp an sion .
OHAPTER V II. THE REÏÏ CHAMBER,
A pparatus.
This new chamber had a ca p a c ity  o f  500 c c s ,
was 3 «25'  ^ i n  d iam eter and v/as made o f  s t e e l  w ith  v /a l ls
0.25** t h ic k .  The c y l i n d r i c a l  shape was r e ta in e d ,  the  
windows were 1** t h ic k  p la t e  g l a s s ,  and f lu o n  was aga in  
used a s  g a sk e t  m a t e r ia l .  A 1** d iam eter p ip e  6** lo n g
oiiambeT to the e^ansion mechanism.
To a ch iev e  th e  n e c e s sa r y  superheat in  the 75 cc 
chamber, th e  movement o f  the p i s t o n  gave a 2.5!^ change in  
th e  c a p a c ity  o f  the system . To re p e a t  t h i s  w ith  a chamber 
o f  s i x  t im e s  th e  c a p a c ity  would req u ire  a very  la r g e  p i s t o n ,  
and o p era t io n  by t h i s  method would be more d i f f i c u l t  and 
would n ot be a s  f a s t  a s  might be r e q u ir e d . A lso  a 
problem in  p i s t o n  alignm ent was becoming s e r io u s  w ith  the  
75 cc chamber.
A system  was, th e r e f o r e ,  developed  which c o n s is t e d  
of a diaphragm 5" i n  d iam eter o f  1/16** t h i c k  neoprene sh ee t  
rubber sep arated  from the working l i q u i d  by a sh e e t  o f  
0.001** m ylar . This diaphragm i s  supported on a p e r fo r a te d  
b ra ss  p la t e  1*’ th ic k .
To a ch iev e  2-|-% volume change in  t h i s  system  the  
cen tre  o f  th e  diaphragm would o n ly  have to  move 0.5**#
HT.
T r i g g e r i n g  ^
Pulse.
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^6
The apparatus i s  shown diagxa^nm atically in  F ig .  3 0 .
A Valve ob ta in ed  from th e  O rescent Valve C o.,  
U .S .A . , Was a ttach ed  to  th e  base o f  t h i s  u n i t  by a p ip e  
1" in  d iam eter . This v a lv e  i s  a three-w ay so le n o id  
typ e  w ith  p o r ts  -f” in  d iajneter , and could  be operated  
w ith  compressed a i r  up to  35 atm ospheres.
Power was ob ta in ed  from c y l in d e r s  o f  n itr o g e n  
a t  a p ressu re  o f  70 atm ospheres. A s u i t a b le  r e g u la to r  
v a lv e  to  g iv e  gas a t  th e  req u ired  p ressu re  was connected  
t o  th e  c y l in d e r .
To expand t h i s  system  th e  v a lv e  c o i l  was p la ced  
in  the cathode o f  a OV797 th y r a tr o n . Y/hen a f  ve p u ls e  
was a p p lied  t o . t h e  g r id  o f  th e  th y ra tr o n , th e  condenser  
01 d isch arged  through th e  v a lv e  and c o i l .  Thd/ tim e th e  
Valve was kept open depended on the c a p a c ity  o f  t h i s  
condenser and could  be r e a d i ly  v a r i e d .  (F ig .  3I)"
The chamber was aga in  h ea ted  by e n c lo s in g  in  a 
b ra ss  ba.th. S in ce  propa^ne was the o p era t in g  f l u i d ,  water  
Was u sed  as h e a t in g  f l u i d . Windows 5 ” In  d iam eter were 
p laced  in  o p p o s i te  f a c e s  o f  th e  b a th , and a 75^  w att r in g  
elem ent clamped to  th e  b a s e .  The h eat was r e g u la te d  by 
su p p ly in g  power to  th e  elem ent through a V a r ia c . Temp­
era tu re  s t a b i l i t y  was m aintained by c o n tin u o u s ly  s t i r r i n g  



















































two mercury thermometers s i t u a t e d  1 ” and 5" below th e  
su r fa c e  o f  th e  w a te r .
At f i r s t  i t  Was thought th er e  would he s u f f i c ­
ie n t  l i g h t  from the spark gap i f  a la r g e r  l e n s  was u se d ,  
and the, e x te n s io n  p ie c e  o f  th e  camera removed. Latter a  
m irror system  was s e t  up w ith  th e  spark gap to  in c r e a se  
th e  q u a n t ity  o f  l i g h t  so th a t  th e  camera cou ld  he stopped  
down from F3*5 to  F8 to  g iv e  h o t t e r  depth  o f  f o c u s .
U n fo r tu n a te ly ,  shadows o f  th e  e le c t r o d e s  
appeared on th e  f i l m .  This s p o i le d  p r in t s  hut s in c e  
measurements were to  he made d i r e c t l y  from th e f i lm  
n e g a t iv e  t h i s  was not a s e r io u s  drawback.
The chamber was seen  to  he r a d i a t i o n - s e n s i t i v e  
a t  about 60^0, by t r ig g e r in g  th e  f l a s h  a t the minimum 
p o in t  on th e  tran sd u cer  tra.ce in  th e  p resen ce  o f  a Oo^  ^
so u r c e .
Before ta k in g  to  th e  syn ch ro tron , i t  was d ec id ed  
th a t  th e  o p e r a t io n  o f  t h i s  chajrher he made remote from  
th e  chamber i t s e l f .  Most o f  th e  c y c le  o f  o p era t io n s  was 
au to m a tic , hut th e  o p era to r , by push b u tto n  c o n tr o l ,  
s ta r te d  the c y c le  and watched th e  o s c i l l o s c o p e  tra.ce to  
ensure th a t  a l l  ev en ts  occurred  a t  the c o r r e c t  t im e .
The c o n tr o l  system  i s  r ep resen ted  on F ig .  32-
I t  was found th a t  a bubble d e n s i t y  o f  fo u r te e n
5*8.
b ub b les  per c e n t im etre  was ob ta in ed  fo r  h igh  energy  
e le c t r o n s  a t 57*^ .^ The chamber was th en  s e t  below a 
ta r g e t  in  th e  beam and s e v e r a l  photographs ta k en .
Chamber C o n d it io n s .
When a count was made o f  bubble d e n s i t y  on 
tr a c k s  o f  p a r t i c l e s  which had e n te red  th e  chamber from  
th e  top  and gone r ig h t  through i t ,  i t  was found th a t  in  
some c a se s  the bubble d e n s ity  was h ig h er  in  th e  top  p art  
o f  th e  chamber th an  a t  th e  bottom . S in ce  i t  was known 
th a t  th e  p a r t i c l e s  were e n te r in g  from th e  top  and hence  
having  3.ower energy would be exp ected  to  g iv e  a h igh er  
bubble d e n s i t y  a t  th e  bottom , t h i s  e f f e c t  must be caused  
by la ck  o f  u n ifo r m ity  in  chamber c o n d i t io n s .
To e x p la in  t h i s  apparent d ecrea se  in  bubble  
d e n s i t y  found on tr a c k s  o f  p a r t i c l e s  t r a v e r s in g  th e  
chamber, i f  r e fe r e n c e  i s  made to  th e  c a l c u la t io n  in  
Chapter I I I ,  i t  can be shown th a t  a g ra d ie n t  o f  as m c h  
as 4°C through th e  chamber cou ld  be s e t  up when 10 c o s .  
o f  Vapour are recom pressed a t  th e  top  o f  th e  chamber.
S ince  on exp an sion  th e  bottom p ressu re  Pq in  th e  chamber 
i s  th e  same th rou gh out, the h ig h er  tem perature w i l l  cause  
a, h ig h er  bubble d e n s i t y .  For p a r t i c l e s  which on ly  j u s t  
tr a v e r se  th e  chamber, t h i s  may cause an apparent uniform  
bubble d e n s i t y  a lon g  th e  t r a c k ,  and fo r  v ery  f a s t  p a r t i c l e s
ABCA % slow cycle 
ABDA - f a s h  cyc l e .
V O L .
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t h i s  would cause a h igh er  Toubble d e n s i t y  a t  th e  top  thaji 
at th e  bottom .
This e f f e c t  cou ld  be overcome by recom pressing  
th e  chamber im m ediate ly  a f t e r  ex p a n s io n , so th a t  th e  
b u b b les  formed a t  th e  w a l l  and by io n iz in g  p a r t i c l e s  are  
recondensed . where th ey  form and th er e  i s  a even d i s t r i b ­
u t i o n  o f  exh a led  la t e n t  heat throughout th e  chamber•
I t  was notdd e a ,r l ie r  th a t  th e  ra.te o f  d i s s i p a t i o n  
o f  energy from th e  p a r t i c l e s  i s  so  rap id  th a t  t r ig g e r e d  
exp an sion  was im p o s s ib le .  However, as soon as a l l  th e  
accum ulated vapour has been  recom pressed , th e  chamber i s  
ready fo r  the n ex t  ex p a n s io n .
I t  seemed l i k e l y ,  t h e r e f o r e ,  th a t  a f a s t  recomr- 
p r e s s io n  system  would se r v e  th e  d u a l purpose o f  removing  
tem perature g r a d ie n t s  and sp eed in g  up th e  c y c le  o f  o p e r a t io n s ,  
which had been about once per m in ute .
F u rth er , i f  th e  ? -  V diagrajn i s  g^ain  c o n s id e r e d ,  
(F ig .  33) f a s t  recom p ress ion  im p lie s  th a t  much l e s s  work i s  
done on th e  l iq u id  and hence th e  tem perature r i s e  i s  not  
so g r e a t . This i s  very  im portant i f  the chamber i s  to  be  
c y c le d  f a s t .
F a st  C y c l in g .
To a ch iev e  f a s t  recom p ress ion , a c y l in d e r  o f  
c a p a c ity  1*5 l i t r e s  was p la ced  betw een th e  r e g u la to r
6o,
b a lv e  and th e  exp an sion  v a lv e ,  b e in g  connr^cÆed. to  th e  
la^tter by a p ip e  o f  1" d ia m eter . The e le c tr o n ic s  were 
arranged so  th a t  th e exp an sion  v a lv e  was open fo r  2Ç m .s . 
The p ressu re  in  th e  r e s e r v o ir  was r a is e d  to  sa tu ra ted  
Vapour p ressu re  p lu s  th r e e  a tm ospheres, such th a t even  
a f t e r  exp an sion  tn e r e  wan s u f f i c i e n t  a ir  to  r a is e  tn e  
p ressu re  in  th e system  to  h ig h er  than  sa tu r a te d  vapour 
p r e ssu r e . The main supply took  about 0*5 seconds to  
r e p le n is h  th e l o s t  a i r .
I t  cou ld  be seen  w ith  t n i s  system  th a t  th e  
bubbles were recom pressed where th ey  formed and tne  
cnamber was ready fo r  th e  n ext exp an sion  in  about 0*25 
seco n d s.
I t  Was a ls o  seen  wnen fu r th e r  tr a c k s  o f  par­
t i c l e s  tr a v e r s in g  th e  chamber were examined th a t  in  a l l  
ca se s  bubble d e n s ity  on such tr a c k s  wa,8 e i t h e r  uniform  
or in crea se d  down th e  tr a c k . •
A lthough th e  chamiber i t s e l f  cou ld  have been  
c y c le d  tw ic e  per second , th e  c y c lin g  r a te  was l im ite d  
by th e r a te  a t  w hich tn e spark u n it  cou ld  recn a rg e .
T his Was n o t a lte r e d  in  favou r o f a f a s t  c y c lin g  bubble  
chamber w ith  cou n ter c o n tr o lle d  f la s h  when an in t e r e s t in g  
p a r t i c l e  nas en tered  tn e  chamber. Photographs w ere, in  
f a c t  tak en  s i x  tim es p er m in u te .
a .
I t  t r i l l  be snown la t e r  th a t  from th e  p o in t  o f  
view  o f  number o f  p a r t i c l e s  s e e n , p hotograp hin g every  
sh o t Was an econ om ica l p r o p o s it io n  fo r  th e  typ e o f exp er­
im ents which were perform ed.
E xperim ents on Chamber S e n s i t i v i t y .
The mode o f  o p e r a t io n  o f  t h i s  new system  was 
th en  in v e s t ig a te d  in  more d e t a i l .  S e n s i t i v i t y  was 
V aried  f i r s t  by v a ry in g  th e  tem p era tu re . I t  was thought 
th a t by running a t  as low a tem perature as p o s s ib le ,  
background would be reduced to  a minimum, and fu r th e r ,  
s in c e  th e  corresp on d in g  se^turated vapour p r essu re  would be 
red u ced , th e  q u a n tity  o f  com pressed n itr o g e n  req u ired  fo r  
c y c lin g  would be red u ced . At 60^0 i t  was found p o s s ib le  
to  c y c le  two hundred tim es from one c y l in d e r .
However, as th e  tem peratu re was red u ced , tn e  
le n g th  o f  tim e d u rin g  th e  exp an sion  p u lse  which th e  chamber 
Was s e n s i t i v e  became s h o r t e r . At $2^0 t h i s  was o n ly  about 
0*5 m .s . I t  v;as not p o s s ib le  to  h old  th e  r e la t iv e  p os­
i t i o n s  o f exp an sion  p u lse  and beam p u lse  w ith in  such narrow  
l i m i t s .
I t  wa,s 8,1 so n o ted  th a t  background was not reduced  
b y as much as m ight be e x p e c te d . This i s  p rob ab ly  due 
to  some o f  th e  background b e in g  caused by low energy photons  
w hich produce very  sh o r t range e le c tr o n s  in  th e  OH2 medium
6 2 .
and w i l l  th e r e fo r e  form a bubble under extrem ely  in s e n s i t iv e  
c o n d it io n s •
S e n s i t i v i t y  was a ls o  v a r ie d  by a l t e r in g  th e  s i s e  
o f  th e  Vapour bubble when in  th e  expanded s t a t e ,  and th u s  
th e  exp an sion  r a t i o .  This was done by a l t e r in g  th e cap­
a c i t y  o f  a sm a ll $0 c c .  c y lin d e r  conned ted  to  th e  chamber.
I t  Was fou n d , how ever, th a t  th e  same bubble  
d e n s ity  was obta,ined when tn e  exp an sion  r a t io s  were r e s p e c t ­
iv e ly  1*5^ and 2*5/^. T his r e s u l t  im p lie s  th a t  fo r  t h i s  
system  th e  growth o f  vapour b u b b les a t  th e  w a lls  was cau sin g  
p ressu re  to  in c r e a se  a t th e  same r a te  as th e  system  was 
expanding a f t e r  th e  p ressu re  had dropped to  a c e r ta in  l e v e l .
I t  Can be shown by c a lc u la t io n s  on l iq u id  com­
p r e s s i b i l i t y  s im ila r  to  th o se  in  Chapter I I I  th a t th e  min­
imum r a t io  req u ired  -  a llo w in g  fo r  s t r e tc h in g  o f  th e  appar­
a tu s -  i s  o n ly  about 0*2^ F u rth er , on r e fe r r in g  to  th e  
graph (F ig . I 7 ) on th e  r a te  o f  in c r e a se  o f  vapour volame 
th e  s5-ope o f  th is  curve i s  very s te e p  when th e  h y d r o s ta t ic  
p r essu re  on th e l iq u id  i s  very low , and th e  growth o f  
Vapour d e c r e a se s  as t h i s  p ressu re  r i s e s . I t  vmuld appear, 
th e r e fo r e ,  th a t  tn ere  i s  an optimum exp an sion  r a t io  fo r  a 
p a r t ic u la r  chamber, w hich must be found by exp erim en t.
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Chapter V I I I . Bubble C ounting and P a r t i c l e  I d e n t i f i c a t i o n ,
C ounting Rate*
T his chamber was b u i l t  b ecau se  th e  75 cc d ir t y  
chamber was to o  sm a ll to  in v e s t ig a t e  f u l l y  e v e n ts  o f  
th e  ty p e  ju s t  d e s c r ib e d . The fo l lo w in g  c a lc u la t io n  
shows how many p ro to n s  and m esons might be ex p ec ted  to  
s to p  in  the chamber, i f  a carbon ta r g e t  i s  u se d . The 
ex p er im en ta l s e t  up i s  shown in  ? ig .  34*
To c a lc u la t e  th e  number o f  p a r t i c l e s  ex p ec ted  th e  
fo l lo w in g  form ula was u sed
n = C (T S p a r t i c l e s  p er  s h o t ,
where
0 = number o f  carbon atom s p r e se n te d  to  th e  photon
beam/cm^.
cr = c r o s s  s e c t io n  fo r  th e  p a r t ic u la r  r e a c t io n .
S = s o l id  a n g le  subtended by chamber to  t a r g e t .
(5 = number o f  photons in  beam.
1 . P aram eters depending on ex p er im en ta l s e t  u p .
Number o f  carbon atom s = Np V
p r e se n te d  to  beam ^  ^
N = Avogadros Number.
P = d e n s ity  o f  carbon .
(ok-.
V = ta r g e t  volume#
A = Atomic W eight,
a = area  p r e se n te d  to  t a r g e t .
C = 6 .0 3  X 10^^ X 2 .2  X Tf C2 3 ,  0 9 ,  p e r  c m ^
12 X TT r ^
S o lid  a n g le  = 0 . 4 . s te r a d ia n s .
2# Beam c h a r a c t e r i s t i c s .
I t  was n o t p o s s ib le  to  measure beam s tr e n g th  when 
o p era tin g  th e  syn ch rotron  6 tim es  per m inute from the
Q
d ecatron  u n i t .  However, a v a lu e  o f  10^ eq u iv a le n t  
quanta p er  m inute was u sed  in  th e c a lc u la t io n  a s  t h is  
had been found in  exp erim en ts when the syn ch rotron  was 
running 5 tim es p er  secon d .
3 . C ross s e c t io n s .
(a ) M esons.
\
The d i f f e r e n t i a l  c r o s s  s e c t io n  fo r  m eson p rod u ction  
in  carbon i s  g iv e n  as
I j = 3 .8 7  X 10”^^ c m ^ /s te r a d ia n /n u c le u s /e q u iv a le n t
\ ® / quantum
a t 90  ^ (L aboratory c o -o r d in a te s )  for  a 326 MeV
B rem sstrah lung spectrum  (R e f. 1 4 ) .
However, t h i s  i s  fo r  m esons o f  a l l  e n e r g ie s .
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th e  chamber, th e  th ic k n e s s  and d e n s ity  o f  m a te r ia l
through w hich  a p a r t i c l e  p a sse d , was m easured. However,
because o f  th e th ic k n e s s  o f  th e  ta r g e t  t h i s  can n ot be
done a c c u r a te ly .  For mesons i t  was e s tim a ted  th a t
p a r t i c l e s  which stop p ed  in  th e  chamber, l e f t  th e  ta r g e t
w ith  e n e r g ie s  in  th e  range 35 -  50 MeV, P ig . 3 4 .
T h erefore , from th e  energy  d i s t r ib u t io n  curve in  P ig . 35
(R ef. 15 ) th e  en ergy  in t e r v a l  fo r  p a r t i c l e s  s to p p in g  in
1
th e chamber was about ^  t o t a l  a r e a .
H ence,
Humber o f  m esons = 72S* per m inute a t  5 c y c le s / s e c
= 2  per s h o t .
(b ) P r o to n s .
A c r o s s  s e c t io n  for  p ro d u c tio n  o f  p ro to n s i s  g iv en  
by Walker (R e f . 16) a s
\ 2 r—"T I = 8 .8  X 10 cm / s t e r a d i a n /  % /e q u iv a le n t
o S L c^J  quantum/MeV
fo r  p ro to n s  o f  en ergy  8 0 + 4  MeV a t  90^ (Laboratory
c o -o r d in a te s )
t o  a 300 MeV B rem sstrahlung beam.
/
An en ergy  d is t r ib u t io n  i s  g iv e n  by R osengren (R ef. 17) 
P ig .  37 and from th e s e  r e s u l t s  a c r o s s  s e c t io n  fo r  proton  
p ro d u ctio n  was deduced fo r  t h i s  system .
• ^ r o  h o n
1b TT shoujfn^ 2  shar e.v/€nt
p I a  He, 10.
f .
a .  i r  ^
66.
The en ergy  w ith  which p r o to n s  l e f t  the ta r g e t  and 
stopped  in  th e  chamber was e s t im a te d  to  be in  th e range  
88 -  112 MeV (P ig . 3 4 ) .
Hence,
I —^ ^  I = 6 .2  z  10"^^ c m ^ /ste r a d ia n / Z /e q u iv a le n t
quant um/MeV
o f  en ergy  100 + 12 MeV.
Humber o f  p ro to n s  = 806 p er m inute a t  5 c y c le  s / s e c
= 3 p er  s h o t .
Prom th e se  c a lc u la t io n s  i t  i s  c le a r  th a t d e s p it e  
t h e ir  in a c c u r a c y , about f i v e  p a r t i c l e s  which have stopped  
in  the chamber should  be seen  on each photograph*
Experiment* s i
The chamber was m ain ta in ed  a t  75^0 a t  w hich tem perature  
the bubble d e n s ity  on f a s t  e le c t r o n s  was 14 b u b b les/^ ^  
and s e v e r a l  photographs taken o f  p a r t i c l e s  s to p p in g  in  
th e  chamber.
S ev era l e v e n ts  w ere seen  in  th e
photographs to g e th e r  w ith  à few 7T s t a r s  and tr a c k s  w hich  
were o b v io u s ly  p ro ton s -  P la te  1 0 .
There were tr a c k s , how ever, vfhich cou ld  n o t be  
i d e n t i f i e d  by t h e ir  appearance, e s p e c ia l ly  sh o r t range 
tr a c k s  where m u lt ip le  s c a t t e r in g  cou ld  n o t be exam ined.


















F u rth er , s in c e  a s in g le  camera was u sed  th e r e  was a  
f i n i t e  p r o b a b i l i ty  th a t  some o f  th e  p a r t i c l e s  were 
le a v in g  th e chamber by th e fr o n t  or back windows*
An in v e s t ig a t io n  was then  made o f  u s in g  bubble  
cou n tin g  t o  id e n t i f y  th e se  p a r t i c l e s .
B ubble Counting#
To do t h i s ,  tr a c k s  o f  p a r t i c l e s  whose id e n t i t y  
was known w ith o u t any doubt were s e l e c t e d .  The f i lm  
n e g a tiv e  was examined under a m icroscop e and a p o s i t io n  
a measured d is ta n c e  from the tr a c k  ending ch o sen .
B ubbles were counted over  a  range o f  one u n i t  on th e  
e y e p ie c e  s c a le  on e i t h e r  s id e  o f  t h i s  p o in t ,  F ig . 57* 
S in ce  a s in g le  camera was used  an erro r  i s  in tro d u ced  
by t h i s  method b ecau se th e  p a r t i c l e  d ir e c t io n  in  a p lan e  
p erp en d icu la r  to  t h e  camera i s  n o t  known. As can be 
seen  from F ig . 38 in  m ost c a se s  t h i s  i s  n o t  g r e a te r  th an  
about 3f°*
The number o f  b u b b les in  th e  re g io n  co n s id e red  was 
th en  co n verted  to  b u b b les/^ ^  in  th e chamber and a graph  
c o n str u c te d  o f  bubble d e n s ity  a g a in s t  r e s id u a l  ra n g e , 
F ig . 39 .
I t  can be seen  th a t  th e r e  i s  a good se p a r a tio n  
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48
in t o  c h a n n e ls , a  h istogram  drawn and th e s e p a r a tio n  i s  
a g a in  seen  to  be very  marked. F ig .  4 0 .
Bubble co u n ters  were then  made on u n id e n t i f ia b le  
tr a c k s , f i t t e d  t o  th e  cu rv es and th e  se p a r a tio n  in to  
mesons and p ro to n s  was seen  im m ed ia te ly .
F u rth er , tr a c k s  w hich were v e r y  s t r a ig h t  but 
e x h ib ite d  meson typ e bubble d e n s ity  were r e j e c t e d  as  
th ey  were p rob ab ly  p ro to n s  le a v in g  th e  chamber, and 
tr a c k s  w hich  gave a low er bubble d e n s ity  th an  ex p ec ted  
fo r  e i th e r  m esons or p ro to n s  were r e je c t e d  a s  th ey  were 
probably  m esons go in g  o u t . T his typ e o f s e l e c t io n  i s  
u n n ecessary  i f  s tereo -p h o to g ra p h y  i s  u se d .
From t h i s  curve i t  i s  c le a r  th a t  bubble co u n tin g  can  
be a most u s e f u l  a id  to  i d e n t i f i c a t i o n  o f  sh o r t range  
p a r t i c l e s  when th e r e  i s  no f i e l d  p r e s e n t .
F u rth er , a  t " meson^ show ing no s t a r  p r o d u c ts , and 
a proton  o f  range about 1 cm where s c a t t e r in g  can n o t be 
u sed  a t  a l l  fo r  i d e n t i f i c a t i o n  and which would o th erw ise  
be q u ite  in d is t in g u is h a b le ,  had r e s p e c t iv e ly  30 and 40 
b u b b les in  th a t  d is ta n c e , under th e  p r e v a i l in g  chamber 
c o n d it io n s .  T his i s  the o n ly  method o f  d is t in g u is h in g  
betw een th e s e  two c a s e s  when no f i e l d  i s  p r e s e n t .
TABLE 1 0 .
P a r t i c l e  Energy Nimber
. ran ge se e n
M .e .v .
p ro to n  9 0 -1 1 5  150
meson 5 5 -5 0  142
T h e o r e t ic a l  E xp erim en ta l 
r a t io  r a t io
1 .1 1  î  0-1 1 .0 6 ±  0 .2
TT* meson 5 5 -5 0  
meson 3 5 -5 0
81
6 1
1 . 2 7 : 0  0 % 1 .3 3  t  0 . 3
( o 9 .
Comparison o f  numbers seen  and expected#
In  order to  check  th e accu racy  o f  th e id e n t i f i c a t i o n  
o f  p a r t i c l e s  a count o f  th e  r e la t iv e  numbers o f  m e so n s  
a n d o b t a i n e d  and ex p ec ted  was made. A lso , th e  r a t io  
o f  v" : TT"*" h as been measured by many w orkers s in c e  i t  g iv e s  
in fo rm a tio n  on n u c le a r  s t r u c t u r e .
Por C r e a c t io n s  in  the en ergy  range
35 -  50 MeV a t  90^ in  th e la b o r a to r y  t h i s  i s  g iv en  
a s  I • 27 t  0  07  (R e f. 1 7 ) .
The v a lu e s  o f  number o f p a r t i c l e s  found by experim ent 
and ex p ec ted  from c a lc u la t io n s  a re  shown in  Table 1 0 .
I t  can  be seen  from th e s e  r e s u l t s  t h a t  th e numbers 
exp ected  and o b ta in ed  agree w ith in  exp er im en ta l erro r  and 
th e r e fo r e  th e  method o f  id e n t i f y in g  p a r t i c l e s  by bubble 
cou n ting  can be co n sid e red  r e l i a b l e .
In  p r a c t ic e  a low er c o u n tin g  r a te  than about f iv e  i 
p a r t ic l e s  s to p p in g  p er sh o t was reco rd ed . I t  was n earer  
one p a r t ic le  sto p p in g  p er s h o t .  The erro r  in  c a lc u la t io n  
was probably  caused by an over o p t im is t ic  f ig u r e  b e in g  used  
fo r  the number o f  e q u iv a le n t  q uan ta . The f a c t  th a t  the 
r a t io  o f  p ro to n s to  mesons o b ta in ed  a g r e e s  w ith  th e  
c a lc u la te d  v a lu e  in d ic a t e s  th a t  th e erro r  i s  some fa c to r  
common to  b o th .
70.
T his i l l u s t r a t e s  one im p ortan t fe a tu r e  o f  a v i s u a l  
d e te c to r  in  g e n e r a l and bubble chamber in  p a r t ic u la r  fo r  
t h i s  typ e o f  measurement* S in c e  more th an  one ty p e  o f  
p a r t ic l e  i s  d e te c te d  a t  any one tim e a r e l a t i v e  number 
i s  o b ta in ed  even though  o u ts id e  f a c t o r s  v a ry  or a re  
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Chapter IX. Bubble D e n s ity  and P a r t ic le  Energy#
Bubble D en s ity  :
The id e n t i t y  o f  a p a r t i c l e  h av in g  been e s ta b l is h e d ,  
a new graph o f  d  : was c o n str u c te d  and i s  shown in
P ig . 4 1 .
I t  can be seen  a t  once th a t  w h ile  d , a s
G laser and B lin o v  had found, th ere  are  two d i s t i n c t  
cu rv es , one fo r  mesons and one fo r  p roton s*  No o th er  
w orkers have re p o r ted  a r e s u l t  o f  t h i s  kind*
B ecause o f  l im ite d  chamber d im en sion s low er v a lu e s  
o f  cou ld  n o t be o b ta in e d , but b o th  cu rves e x tr a p o la te
to  about 10 + 2 b u b b les/^ ^  fo r  p  = 1 -  th a t  i s
minimum io n iz in g  p a r t i c l e s ,  w h ile  bubble d e n s ity  fo r  h ig h  
energy e le c t r o n s  gave 14 b ub b les/^ ^ *
T his r e s u l t  a g rees  w ith  th a t  ob served  on f a s t  and 
slow  e le c t r o n  tr a c k s  in  th e  e a r l i e r  experim ents*
S e v e r a l e r r o r s  in  measurement and c a lc u la t io n  o f
th ese  d ; iK cu rves w i l l  now be c o n s id e r e d .
r
I t  h as a lrea d y  been  p o in te d  out th a t , th e r e  i s  a 
y/o e r r o r  in  bubble co u n tin g  s in c e  o n ly  a s in g le  camera 
was u sed  and hence the p r e c is e  d ir e c t io n  o f th e  p a r t ic le  
i s  in  some doubt.
A second e r r o r  i s  in tro d u ced  by c o n s id e r in g  the
TABLE 1 1 .





0 . 3  0 . 3
1
f t "  
f t
E .M .e .v . 7 . 3  4 5 . 0
2
R ange gm /cm  0 . 2 9 5  1 . 6 8
A R  1 .  0 . 3 9 5  1 .78
2 .  0 .195  1.58
A E  1 .  8 .6  4 6 . 5
2 . 5 . 8  4 3 . 5
A fl P i  0 . 3 3  0 .3 0 6
a  2 0 . 2 6  0 . 2 9 5
9 . 1 3  1 0 . 7
1 4 . 7 5  1 1 .5
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th e  v a lu e  o f  can be d e r iv e d  d i r e c t l y  from th e  range
and, th e r e fo r e , en ergy  o f  th e  p a r t i c l e  a t  th e  mid p o in t  
o f  the r e g io n  over which b u b b les  are co u n ted .
As can be seen  in  Table 11 , w h ile  t h i s  i s  tr u e  fo r
p roton s i t  i s  n o t  tru e  fo r  m esons.
In s te a d  o f  ch o sin g  a  new v a lu e  o f  - p  fo r  m esons, 
the erro r  in trod u ced  by t h i s  i s  in d ic a te d  by assum ing  
th a t when bubble d e n s ity  fo r  mesons i s  50 b u b b les/^ ^  “p  
l i e s  in  th e  range 9*13 to  1 4 .7 5 , w h ile  a  bubble d e n s ity  o f  
20 b u b b les/^ ^  fo r  p ro ton s o ccu rs when ^  has any v a lu e  
betw een 1 0 .7  and 1 1 .5 .  T h is i s  shown on P ig . 4 2 , where
i t  can be seen  th a t  th e r e  i s  s t i l l  a mass s e p a r a t io n .
An a l t e r n a t iv e  approach to  t h i s  c o r r e c t io n  i s  to
d ec id e  w ith in  what l i m i t s  o f  p  a measurement i s  t o  be made,
c a lc u la t e  th e  range in  c e n t im e tr e s  o v er  which b u b b les are
to  be counted  and con vert to  b u b b le s / „ th u s : -* cm
Range P S ^1 ^2 ^1 ^2
o f  p   ^  ^ MeV MeV gn/cm^ gm/cm^
Meson 9 - 1 0  .533  .316  8 .6  7 .7  .393  .322
P roton  9 - 1 0  .5 3 3  .316  56 5 0 .5  2 .5  2 .0 7
A count was th en  made on se v e r a l meson and p roton
73.
tr a c k s  and th e  r e s u l t  was
meson 29 + 2 b u b b les/^ ^  p ro to n  2 1 + 1  b u b b les/^ ^
Thus, d e s p it e  th e se  c o r r e c t io n s ,  i t  can be seen  
th a t th ere  i s  s t i l l  a mass d i f f e r e n c e .
F in a lly ,  a paper due to  T a ill is  (R e f. 18 ) showed 
th a t  an u n d erestim ate  o f  bubble d e n s ity  was made by  
cou n tin g  in d iv id u a l  b u b b le s . He measured bubble  
sp acin g  on tr a c k s  o f  h ig h  energy p a r t i c l e s ,  computed 
a mean v a lu e  and t h i s  gave a h ig h e r  u lt im a te  count o f  
bubble d e n s ity  in  b u b b le s / cm.
The cau se  o f  the i n e f f i c i e n c y  in  d ir e c t  bubble 
co u n tin g  was a t tr ib u te d  to  poor bubble r e s o lu t io n  and 
c o a le sc e n c e  o f  in d iv id u a l  b u b b le s .
A measure o f  mean bubble sp a c in g  can n o t be made on 
sh o r t range tr a c k s  s in c e  th e  v a lu e  o f  - p  i s  changing  
so r a p id ly . However, i f  b u b b les are l i a b l e  to  c o a le s c e ,  
and i f  r e s o lu t io n  i s  poor on h ig h  energy tr a c k s , e r r o r s  
w i l l  be even  g r e a te r  on low  en ergy  tr a c k s .
I t  can be seen  on th e  p roton  curve th a t  th e r e  i s  a 
f a l l i n g  o f f  a t  h ig h er  v a lu e s  o f
F u rth er , t h i s  e x p la in s  th e r e s u l t  found when b ub b le  
d e n s ity  was m easured a t  v a r io u s  p o in t s  on a s in g le  p ro ton  
curve^ F ig  2 9 .
Meson
P roton
TABLE 1 2 .
Range Energy
M .e.v*
dE B ub b les  
p er  cm.
dE
3 5 /d
0 .5 9 .8 4 .8 5 25 0 .1 9
1 .0 1 4 .4 3 .5 20 0 .1 8
1 .5 1 8 .1 3 .1 1 7 .5 0 .1 7 5
2 .0 2 1 .3 2 .8 16 0 .1 7 5
0 .5 23 1 1 .7 38 0 .3 1
1 .0 34 8 .3 30 0 .2 8
1 .5 42 6 .8 2 5 .5 0 .2 7
2 .0 4 9 .5 6 .0 2 1 .5 0 .2 8
7^.
However, t h i s  r e s u l t  i s  a fu n c t io n  o n ly  o f  the  
number o f  b u b b les  p r e se n t , and in  no way e x p la in s  the  
mass e f f e c t *
ol^Bubble D en s ity  and "5T5&
A com parison was th en  made betw een bubble d e n s ity  
and r a te  o f  energy l o s s  o f  the p a r t i c l e .  was
ob ta in ed  from t a b le s  U .C .R .L . 2301 fo r  v a r io u s  v a lu e s  
o f  range o f  b o th  mesons and p roton s*  As exp ected  a 
d ir e c t  c o r r e la t io n  was found betw een  ggg. and d o f  
th e  form j ^  = co n sta n t (e x c e p t a t h ig h  v a lu e s
o f  bubble d e n s it y  where c o a le s c e n c e  e f f e c t s  are more 
im p o r ta n t) . T able 12*
The v a lu e  o f  t h i s  c o n s ta n t , how ever, was l e s s  fo r  
mesons th an  f o r  p roton s and t h i s  i s  c o n s is t e n t  w ith  th e  
p r e v io u s  r e s u l t .
Other m easurem ents.
A m easure was made o f  bubble d e n s ity  on th e tr a c k s  
o f  p a r t i c l e s  which s to p p ed  in  th e  chamber when i n i t i a l  
t e s t s  were b e in g  perform ed. 7 /h ile  th e se  r e s u l t s  can  
n o t be co n sid e red  r e l i a b l e  in  th em se lv es  becau se o f  th e  
tem perature g r a d ie n ts  and th e  s c a r c i t y  o f  th e  r e s u l t s  
th e  mass e f f e c t  was seen  th e r e ,  and h en ce , co n sid ered
g u b b l e s  
p e r  
c m-
F I G  L 3 .
+ r n « s o n .  













e l e c t  r o  n
m e s o n  > E x p e r i m e n t a l ,  
p r o t o n  j
Theorc t ico l .
30
lO
2 05 lO 15













w ith  th e more r e f in e d  experim ent m ust be tak en  as fu r th e r  
support o f  t h i s  r e s u l t ,  P ig* 4 3 .
A count was a ls o  made on tr a c k s  o f  p a r t i c l e s  w hich  
stop p ed  in  th e  chamber when the s e n s i t i v i t y  was v er y  lo w . 
A gain th e s e  r e s u l t s  tak en  above a re  in c o n c lu s iv e  s in c e  
th er e  are so  few  o f  them a v a i la b le ,  but th e y  do support 
the m ass e f f e c t ,  P ig . 4 4 .
Mass E f f e c t .
Prom th e s e  r e s u l t s ,  th e  author f e e l s  c o n fid e n t  th a t  
a mass e f f e c t  i s  a tr u e  ex p er im en ta l f a c t .  G laser o n ly  
measured fo r  p r o to n s , and b e s id e s ,  i n  th e  r e g io n
where ;he m easured bubble d e n s ity  -  ^  from 1 to
5 -  th e r e  i s  n o t much se p a r a tio n  betw een mesons and
p r o to n s .
B lin o v  c la im s  to  have measured bubble d e n s ity  on 
both  mesons and p ro to n s b u t observed  no mass s e p a r a t io n .
He d o es n o t  in d ic a t e  w hich p o in ts  a re  from w hich p a r t i c l e s .  
The r e s u l t s  are summarized i n  P ig . 45aand and 45b , B l in o v ’ s  
cou ld  n o t be superim posed on 45a s in c e  he g iv e s  a r e la t iv e  
v a lu e  fo r  bubble d e n s ity  ( = c o n s t a n t ) .  He used  a
lo g a r ith m ic  s c a le  r a th e r  th an  bubble d e n s ity  a g a in s t  ,
but o b ta in ed  a s lo p e  = 2 th u s  a g re e in g  w ith  th e  r e la t io n
76 .
The th eo ry  o f  S e i t z  proposed  th a t  h u b b ies form by 
th e c r e a t io n  o f  therm al s p ik e s  in  th e  l iq u id .  I t  i s  
p o s s ib le  th a t  some o f  th e s e  s p ik e s  are crea ted  by  
Coulomb c o l l i s i o n s  betw een the in c id e n t  p a r t i c l e  and
the medium, and i f  a meson l o s e s  more energy by t h i s
p ro ce ss  than a p ro ton , t h i s  might e x p la in  the mass 
e f f e c t .
The energy l o s s  by Coulomb c o l l i s i o n s  was c a lc u la te d  
from th e  form ula (R ef. 20)
. # )  '    lo s 4 2 2
Mg T m in.
“ d e n s ity  o f  atoms = p  H a tom s/m olecu le
* M
N = Avogadros number.
M = m o lecu la r  w e i ^ t
2 ^  = 1 fo r  p ro ton s and mesons
"2 2 “ atom ic number o f  ab sorb er
^ = e le c t r o n ic  charge e . s . u .
Mg “ w eigh t o f  one atom o f  ab sorb er  
V = speed o f  in c id e n t  p a r t i c l e  
T max = maximum energy t r a n s fe r
= E
+ Mg
TABLE 1 3 .
Energy M .e .v .






P ro to n .





1 5 .6  1 2 .9
8 x . 3x .
y  12y
Meson.
0 .2 5 5
5 .5
Hydrogen Carbon 
2 .4 8  0 .2 7 5
5 20













(d x ) C ou l.
p r o to n s  on hydrogen
(dE)
(d x ) C ou l.
m esons on hydrogen
= 1.2 ; 1
Do. on carbon = 1 .3 5  : 1
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T min = minimum energy t r a n s fe r  to  have
s i g n i f i c a n t  e f f e c t *  T his was taken  
a s  th e  b ind ing  energy o f  carbon and 
hydrogen to  th e  m olecu le#
The c a lc u la t io n ,  shown in  Table 13 , was done fo r  
a p roton  and a meson o f  th e same sp eed , the carbon and 
hydrogen atoms o f  the hydrocarbon m olecu le  b e in g  
co n sid e red  in d e p e n d e n tly .
I t  can be seen  th a t  th e  energy l o s t  by p roton  
c o l l i s i o n s  i s  g r e a te r  than th a t  l o s t  by meson c o l l i s i o n s ,  
r a th e r  than th e o p p o s ite  a s  req u ired  by th e  ex p er im en ta l 
r e s u l t ,  and th e r e fo r e , th e  mass e f f e c t  i s  n o t ex p la in ed  
in  t h i s  way.
E m p ir ica l Formula fo r  Bubble D e n s ity .
An e m p ir ic a l form ula for  bubble d e n s ity  h as been  
proposed  by G la ser  o f  th e  form
a = ^  + b (t ) .
T h is  r e s u l t  im p lie s  th a t  the s lo p e  o f  th e  curve o f  
d : i s  a co n sta n t fo r  a l l  chamber c o n d it io n s  -  as
in  f a c t  G laser  found e x p e r im e n ta lly . Even ex c lu d in g  th e  
mass e f f e c t  from t h i s  c o n s id e r a t io n , the r e s u l t s  quoted  
h ere do n o t agree w ith  th a t  r e s u l t  -  a t  l e a s t  n o t in  th e  
r e g io n  o f  p a r t i c l e  v e l o c i t y  where b u b b les  were counted . 
F ig . 4Sa. S in ce  th e  e x tr a p o la t io n  t o  ^  = 1 g iv e s  a
7g
r e s u l t  c o n s is ta n t  w ith  th a t  found fo r  f a s t  e le c t r o n s  
when a llow an ce  h a s  been made fo r  r e l a t i v i s t i c  e f f e c t s ,  
th e  e x tr a p o la t io n  can be j u s t i f i e d .
Prom Chapter V a r e la t io n  betw een  bubble d e n s ity  and 
Volmer Energy o f  the form
V
was found*
I t  i s  th e r e fo r e  p o s s ib le  to  c o n s tr u c t  an o th er  
e m p ir ic a l form ula th u s;
a = „ d £  .  _ L .
dx m
w hich , in  v iew  o f  th e  r e la t io n  betw een  d and
d = -
E.
in  th e r e g io n  0 ,2  <. /3 < 0 ,9  may be w r i t t e n  as
d ■=
The v a lu e s  o f  the c o n s ta n ts ,  c a lc u la te d  from P ig ,  
41 a r e :
a = 2250
b = 1200
oC = 0 ,3 0
(TItt = 5 ,4  
m p^= 9 .5
m _  v ^ O l S S  u a \ 1 t s  ,
79.
The v a lu e  o f  , s in c e  i t  co u ld  not be c a lc u la te d ,  
was deduced from Pig* 28 ta k in g  d fo r  f a s t  e le c tr o n s  
a s  14# T h is gave E^ = 160 e .v *
S in ce  th e r e  are so  few  r e s u l t s  a v a i la b le ,  th e  
form ula can n o t be t e s t e d  th orou gh ly*  However, th e  
form ula was a p p lied  to  th e r e s u l t s  g iv e n  i n  P ig . 44 
where d fo r  f a s t  e le c t r o n s  was 6* The va lu e  o f  E^ , 
deduced a g a in  from P ig* 28 was tak en  a s  230 e*v* and i t  
can be seen  on Pig* 44 th a t  a  rem arkably good agreem ent 
i s  found w ith  th e  ex p er im en ta l r e s u lt s *
Por G la s e r ’ s  chamber where E^ = 131 e* v . a t  55^0 
th e  v a lu e s  a re :
d = 14 from th e  form ula
d = 18 -  20^ 15 fcom d ; —^  cu iv e
d = 15 by experim ent*
However, fo r  p r o to n s , where = 3*3 , the r e s u l t
i s  v er y  p oor:
d «  30 by experim ent
d = 19 from the formula*
The s lo p e  o f  th e ott curve fo r  p ro to n s where 
E^ = 131 , i s  o n ly  6 from th e  form ula w hereas G laser
g o t 9*2*
S in c e , how ever, G la s e r ’ s  r e s u l t s  do n o t  agree  w ith  
th e  r e s u l t s  quoted  h e r e , t h i s  i s  n o t s u r p r is in g . I t  may
s o .
be th a t  th e  d iscrep a n cy  can be e x p la in e d  by p oorer  
bubble r e s o lu t io n  in  the p r e s e n t  r e s u l t s .
C o n clu sion .
The r e s u l t s  shown h ere ten d  to  confirm  th e  r e s u l t  
shown by G la ser , B lin o v  and th o se  d isc u s se d  in  Chapter V 
th a t w ith in  c e r ta in  l i m i t s  bubble d e n s ity  i^  p r o p o r tio n a l  
to  "pi and th e r e fo r e  b u b b les are p rob ab ly  formed from  
S - r a y s .
S in ce  such a good f i t  was found fo r  the c a lc u la te d  
v a lu e  o f  bubble d e n s ity  a t  low  s e n s i t i v i t y ,  i t  would  
appear th a t  deducing Volmer Energy E^ from bubble d e n s ity  
was j u s t i f i e d .  T h is , how ever, d oes n o t  n e c e s s a r i ly  
d isa g r e e  w ith  th e  odd shape o f  th e  d * T  cu rves s in c e  
t h i s  shape was n o t ob served  in  th e  d ir t y  chamber r e s u l t s .
The poor r e s o lu t io n  ob served  by V f i l l i s  would tend  
to  em phasise even more th e h i ^ e r  bubble d e n s ity  found  
a t  h ig h  s e n s i t i v i t y .
Eo re a so n a b le  e x p la n a tio n  fo r  th e  mass e f f e c t  has 
evo lved  and i t  i s  c le a r  th a t  fu r th e r  exp erim en ts are  
e s s e n t i a l  to  v e r i f y  or o th er w ise  t h i s  m ost c u r io u s  
r e s u l t .
Chapter X. G eneral Cone lu  s i  on .
Prom t h i s  work i t  i s  c l e a r  th a t  th e  bubble chamber 
i s  a most v a lu a b le  a d d it io n  to  th e  d e te c to r s  a v a i la b le  
f o r  r e se a r c h  in t o  n u c le a r  and p a r t i c l e  p h y s ic s .
The in c r e a s e  in  d e n s ity  makes th e  stu d y  o f  ra re  
e v e n ts  much e a s ie r  and th e  h ig h  energy p ro d u cts  o f  th e se  
e v e n ts  can a l s o  be exam ined in  more d e t a i l .
The a b i l i t y  o f  a bubble chamber to  be c y c le d  f a s t  
i s  a  g r e a t advantage when o p e r a t in g  w ith  p u lsed  a c c e le r a to r s  
s in c e  no tim e i s  l o s t  w a it in g  f o r  th e chamber to  r e c o v e r .
B ecause o f  t h i s  i t  m ight a l s o  bç p o s s ib le  to  perform  
a cosm ic ra y  experim ent r e a so n a b ly  e c o n o m ic a lly . I f  a 
bubble chamber was c y c le d  a t  about 10 c y c l e s /  and  had 
a s e n s i t i v e  tim e o f  ^  10 ms. i t  would be s e n s i t i v e  fo r  
10^ o f  th e  t im e .
I t  h a s b een  shown th a t  th e  o p e r a tio n  can be c o n tr o lle d  
so th a t uniform  s e n s i t i v i t y  i s  a ch iev ed  th r o u ^ o u t  th e  
chamber. Chamber s e n s i t i v i t y  can a ls o  be v a r ie d  depending  
on th e  en ergy  o f  p a r t i c l e  w hich  i s  b e in g  ob served .
B ecause o f  t h i s  i t  has b een  p o s s ib le  to  f i r e  the
p I o he II.
n .
y -beam o f  th e  syn ch rotron  through a propane bubble 
chamber* A chamber h as been b u i l t  in  t h i s  la b o r a to r y ,  
10** in s id e  d iam eter and by o p era tin g  a t v e r y  low  
s e n s i t i v i t y ,  a lth ou gh  th e  beam had to  be c o llim a te d  
down from 1** d iam eter to  0.25** d ia m eter , tr a c k s  o f  
p a r t i c l e s  c r e a te d  by a r e a c t io n  betw een a photon and a  
n u c leu s  c o u ld  be seen  d e s p ite  th e  e le c t r o n  c o r e . P la t e  M. 
i s  a t y p i c a l  exam ple, showing a *rr meson w ith  s in g le  
pronged s t a r  ev en t a t  th e end o f  i t s  t r a c k .
S in ce  th e  b u b b les grow so r a p id ly , d i s t o r t io n s  on 
tr a c k s  are reduced to  a minimum, and r e s o lu t io n  o f  
a s s o c ia te d  e v e n ts  should  be p o s s ib le ,  w ith in  l i m i t s ,  
by m easuring bubble d ia m eters .
F in a l ly ,  i t  has been shown th a t bubble co u n tin g  
can be m ost v a lu a b le  in  a id in g  th e  i d e n t i f i c a t i o n  o f  
p a r t i c l e s  w hich  stop  in  th e chamber, when no m agnetic  
f i e l d  i s  a v a i la b le .  Even w ith  a f i e l d ,  i t  may s t i l l  
be n e c e s sa r y  to  u se  bubble co u n tin g  m ethods fo r  v ery  
sh o r t range p a r t i c l e s .
S3
I t  i s  u n fo r tu n a te , however, th a t  so few w orkers  
have shown an in t e r e s t  in  t h e o r ie s  o f  bubble fo rm a tio n . 
Many more r e s u l t s  are n e c e ssa r y  in  order th a t  th e  
v a r io u s  p o s s i b i l i t i e s  can be r e so lv e d .. In  p a r t ic u la r ,  
i t  would be most v a lu a b le  to  m easure bubble d e n s ity  in  
chambers f i l l e d  w ith  th e  new l iq u id s  such as hydrogen, 
h eliu m , Xenon, CF  ^ Br e t c . ,  w ith  q u ite  d i f f e r e n t  p h y s ic a l  
p r o p e r t ie s .
The u se  o f  a h i ^  en ergy  e le c tr o n  beam fo r  t h i s  ty p e  
o f work i s  id e a l  s in c e  any change in  bubble d e n s ity  i s  
caused by a change in  chamber c o n d it io n s .  I t  v/ould be 
o f  i n t e r e s t ,  in  a d d it io n , to  in v e s t ig a t e  fu r th e r  the  
reg io n  betw een  v a lu e s  o f  ^  = 0 .9 6  and p  = 0 .9 9 ,  s in c e  
a d if f e r e n c e  h as been ob served . T his may le a d  to  a 
b e t te r  a n a ly s is  o f  the bubble form ing p r o c e s s .
C le a r ly  a d ir t y  chamber w ith  a system  by means o f  
which th e  bottom  p ressu re  can be measured i s  e s s e n t ia l  
fo r  work o f  t h i s  k ind in  such cham bers.
As h as a lr e a d y  been  s ta t e d ,  i t  i s  c le a r  th a t  th e
mass e f f e c t  must be s tu d ie d  fu r th e r , and more measurements 
made o f  v a r ia t io n  o f  bubble d e n s ity  w ith  a l l  v a lu e s  o f  
p a r t i c l e  v e l o c i t y .  Perform ed in  a much b ig g e r  chamber, 
a co n tin u o u s  s e t  o f  r e s u l t s  cou ld  be o b ta in ed , coverin g  
a w id er range o f  p a r t ic le  v e l o c i t y .
9$
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P hotographs o f  A p p aratu s.
P la te  A, F i r s t  chamber s e t  up.
B. H ea te r , show ing th in  window f o r  e n tr y  
o f  p a r t i c l e s .
C. 2 0 c c . c le a n  chamber.
D. C lean  chamber o p p o s ite  e le c t r o n  beam.
( Y"t*eam e m itte d  th rou gh  c e n tr e  p o r t . )
E. F i r s t  d ir t y  chamber.
F . 5 0 0 c c . chamber.
G. 5OOCC. chamber s e t  u p , show ing cam era, 
B ark sd a le  v a lv e ,  r e s e r v o ir ,  and p o s i t ­
io n  o f  carbon t a r g e t .
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